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1  INTRODUCTION

1.1 Background

Yucca Mountain is located within one of many small volume basaltic volcanic fields that typify
the western Great Basin (e.g., Faulds and Varga, 1998).  Volcanic hazards at Yucca Mountain
are a concern because of its location within one of these geologically active volcanic fields.  In
the Yucca Mountain region, more than 40 basaltic vents have formed in the past 11 million
years.  There are 6 cinder cones within 20 km [12.5 mi] of Yucca Mountain that formed in the
last million years (e.g., Fleck, et al., 1996).  Because of the potential to disrupt the repository
and transport radionuclides to the surface, volcanic hazard assessment has been a major focus
of study at Yucca Mountain as a potential repository for high-level nuclear waste.

Based on the most recent eruptions in the Yucca Mountain region, a generalized conceptual
model for future volcanism at Yucca Mountain would likely begin with alkalic melt ascending
through the brittle crust in magma-filled cracks or dikes that are one to several meters thick and
on the order of 1 to 5 km [0.6 to 3 mi] in length (Detournay, et al., 2003).  If the eruption style is
similar to the most recent eruptions in the Yucca Mountain region, the initial surface expression
of the eruption would be a fissure, but within a few days, eruption activity would quickly be
focused into a central vent.  The resulting volcano is likely to be a monogenetic cinder cone with
a total volume on the order of 0.01 to 1 km3 [1.3 × 103 to 1.3 × 109 yd3] (Detournay, et al.,
2003). Because the most likely composition of the magma is potassic trachybasalt with up to
4.6 wt% preeruptive volatiles (Nicholis and Rutherford, 2004), the eruptive style will likely be
Strombolian to violent Strombolian, characterized by both explosively emplaced tephra and
effusively erupted lava flows, as evident by the presence of ballistic fragments (classic
Strombolian) and material from the plume (violent Strombolian).  For risk consideration, the
violent Strombolian eruptive style is of primary concern.  Discussion of the nature and style of
past eruptions of basaltic volcanoes in the Yucca Mountain region is provided in NRC (1999). 

Depending on the location of the new dike, the ascending magma has the potential to intersect
underground drifts in the repository.  Design plans of the underground repository envision open
horizontal drifts 5.0 m [16.4 ft] in diameter and up to 1,000 m [3,280 ft] long.  The drifts are
200–300 m [657–985 ft] below ground surface and 300–350 m [985–1,150 ft] above the current
water table.  The drifts will house cylindrical waste packages 1.5 m [4.9 ft] in diameter and 5 m
[16.4 ft] long.  The waste packages will be covered by a semicircular titanium drip shield (Danko
and Bahrami, 2002; Ibarra, et al., 2006; Pruess, 1998).

The unique configuration of the repository and the lack of direct physical evidence of what
might happen should magma intersect open drifts makes an assessment of igneous
consequences uncertain.  Woods and Sparks (1998) performed initial scoping calculations to
determine the potential behavior of magma flow inside a repository drift at Yucca Mountain,
which formed the technical bases for the staff’s issue resolution status report, as documented in
NRC (1999).  The work of Woods and Sparks (1998) also led to a series of papers and reports
that examined the potential consequences of basaltic magma intrusion into drifts (e.g.,
Bokhove, et al., 2005; Lejeune, et al., 2002; and Woods, et al., 2006).  Collectively these
papers show that the drifts will quicky fill with magma and that the physical conditions inside the
drift are hostile to the integrity of the waste packages.  Current models developed by the DOE
(Bechtel SAIC Company, LLC, 2004a,b,c) also suggest that the drifts will be filled rapidly by
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high temperature magma that will disrupt the waste packages and allow radioactive waste to be
incorporated into the surrounding volcanic material.  Once the waste packages are disrupted,
two scenarios for release of the radionuclides are possible.  In the extrusive scenario, magma
containing the waste will be erupted to the surface environment within a volcanic conduit
through the developing cinder cone.  In the intrusive scenario, high-level waste will be dissolved
and radionuclides will enter the groundwater pathway to migrate downgradient from Yucca
Mountain toward the Amargosa Desert.  Both the NRC and DOE are currently developing total
system performance assessment models that account for the uncertainties associated with both
the extrusive and intrusive scenarios.

1.2 Purpose

Recently, the Electric Power Research Institute (EPRI)1 prepared two technical reports on
igneous processes relevant to performance of the potential Yucca Mountain high-level waste
repository.  The first report was released in June 2004 and documented EPRI analyses and
conclusions regarding the extrusive release scenario (EPRI, 2004).  The second report was
released in August 2005 and documented EPRI analyses and conclusions regarding the
intrusive release scenario (EPRI, 2005).  For the extrusive scenario, EPRI concluded that there
will be “zero release to the atmosphere during an active eruption.”  For the intrusive scenario,
EPRI concluded that “under any reasonable combination of magma intrusion, the contribution to
peak dose from an igneous intrusion event would not affect peak dose estimates over the
long term.”

These conclusions contradict the current risk information provided by NRC (e.g., NRC, 1999,
2005) and DOE (Bechtel SAIC Company, LLC, 2004a,b,c).  Both the NRC and DOE analyses
show that conditional doses for both the intrusive and extrusive scenarios could be significant. 
Currently, the NRC staff consider the risk of the extrusive igneous scenario as having high
significance to waste isolation and the intrusive igneous scenario as having medium
significance to waste isolation (NRC, 2004). 

During the 168th and 169th meetings of the Advisory Committee on Nuclear Waste, EPRI briefed
committee members on their two reports.  Based on those briefings, the Advisory Committee on
Nuclear Waste recommended that the NRC staff evaluate the EPRI analyses as “an alternative
to their current position” (Ryan, 2006).  This report provides such an evaluation of the EPRI
analyses.

1.3 Scope

The two EPRI reports contain a wide variety of discussions and analyses to support their
conclusions, most of which was not germane to the central issues of igneous consequence
modeling.  To keep this report as concise as possible, the staff limited the scope of this review
to those aspects of the EPRI reports that staff consider most important to waste isolation and
thus most risk significant.  In particular, the staff review focuses on:  (i) the nature and evolution
of the magma as it enters the drifts; (ii) the thermal conditions of the magma and waste
packages in the drifts; and (iii) the dynamics of magma flow into the drifts.  These three
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processes most directly affect how the waste packages may behave during an intrusion of
magma and how many waste packages may be disrupted so that their waste is no longer
contained within engineered barriers.

The two EPRI reports were also reviewed by Dr. Stephen Sparks of the University of Bristol in
Bristol, England, and Dr. Andrew Woods of Cambridge University in Cambridge, England.  Both
are considered expert volcanologists who work as independent consultants to Center for
Nuclear Waste Regulatory Analyses.  Their detailed comments are provided as Appendices A
and B of this report.

2  NATURE OF MAGMA IN THE DRIFT

In their analyses, EPRI asserts that the magma at the tip of the ascending column, just prior to
and at the point of intersection of the magma front with the drift, will be degassed.  Based on
Nicholis and Rutherford (2004), EPRI concludes that the intruding magma will have a relatively
low temperature {975–1,010°C [1,787–1,850°F]}, a high viscosity {105–107 PaCs [2,090–208,854
lbf-s/ft2]}, and a rheology characteristic of an aa lava flow (Soule, et al., 2004).  These
suppositions appear to be inconsistent with the fundamental physics of volatile-rich magma
ascent and will be addressed in three categories:  (i) solubility of ascending magma;
(ii) mechanisms of gas escape required to achieve a degassed flow front; and (iii) the state of
magma upon intersection with a drift.

2.1 Magma Solubility

For magma to rise at 300 m [985 ft] depth, assuming a crustal density between 2,200–2,400
g/m3 [0.14–0.15 lb/ft3] and lithostatic pressure ranges between 6–7 MPa
[126,000–147,000 lbf/ft2], the magma front must exert a pressure that exceeds the minimum
stress imposed by the overlying rock.  Thus, considering (i) the fluid pressure required to initiate
a vertical fracture (Lister and Kerr, 1991; Pollard, 1987) and (ii) the lithostatic pressure, the
magma at the leading edge of the dike will have a pressure on the order of 10 MPa [21 × 104 
lbf/ft2].

Pressure determines the solubility of water in basalt melt such that n = 3 × 10!6 p1/2, where n is
the mass fraction of water in equilibrium with the melt and p is pressure in Pascals (Woods and
Huppert, 2003).  As a consequence of this relationship, the amount of gas exsolution and
bubble formation increases with decreasing depth.  For example, the mass fraction of water in
equilibrium with the melt at 200 MPa [4.2 × 106 lbf/ft2] and at 180 MPa [3.8 × 106  lbf/ft2] is 0.042
and 0.040, respectively; the mass fraction in equilibrium at 25 MPa [5.3 × 105 lbf/ft2] and at
5 MPa [1.1 × 105 lbf/ft2] is 0.015 and 0.007, respectively.  Thus, the decrease in mass fraction
of water soluble in the melt between 200 MPa [4.2 × 106 lbf/ft2] and 180 MPa [3.8 × 106  lbf/ft2]
is less than the decrease between 25 MPa [5.3 × 105] and 5 MPa [1.1 × 105 lbf/ft2] {25–5 MPa
[5.3 × 105–1.1 × 105 lbf/ft2] bracket the 10 MPa [2.1 × 105  lbf/ft2] pressure derived for magma at
the leading edge of the dike}.  In other words, a greater amount of water per distance risen is
being exsolved in the last few hundred meters of ascent.  Not only will the amount of exsolution
be increasing as the ascending magma intersects the repository (a condition far from
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characteristic of a degassed magma front), but the amount of water remaining in the melt at
5–10 MPa [1.1 × 105–2.1 × 105 lbf/ft2] is 0.7–0.9 wt%.  This is a significant amount of water
remaining to continue exsolving when exposed to atmospheric conditions in the tunnel.  EPRI’s
suggestion that the magma front will be degassed and decompressed when it intersects the
repository directly contradicts basic equations that characterize pressure and solubility.

2.2 Gas Escape

Another behavior required for a magma body to degas is for gas to form as a separate phase
within the magma and to physically migrate to a boundary of the magma body to be released. 
To obtain a degassed magma front in ascending liquid melt, decoupled ascent of bubbles and
melt must occur so that the bubbles are rising significantly faster than the melt.  The rise
velocity of bubbles depends on bubble size.  Ascent velocities are greater for larger sized
bubbles, and hence larger bubbles can more quickly separate from the magma than smaller
bubbles.  Bubble size is limited, however, by the rate at which gas can diffuse through the melt. 
The best estimates of bubble size in basalt is a few millimeters (Sparks, 1978), consistent with
observations of scoria, so a 1-cm [0.4-in] -diameter bubble with an increased ability to separate
from the melt represents a conservative case.  At pressures of 5 to 10 MPa [50 to 100 bars], a
viscosity of 105 PaCs [2,088.54 lbf-s/ft2] [the low end of the viscosity range reported by EPRI
(EPRI, 2005, p. 2-2)], and using Stokes Law, bubble speed for a generously sized 1-cm [0.4-in]
-diameter bubble is on the order of 5 × 10!6 m/s [2 × 10!5 ft/s].  Following the previously
described solubility law, in a basaltic magma with ~4 wt% water, bubbles will begin to exsolve
approximately 7 to 8 km [23,000 to 26,000 ft] below ground surface.  Magma ascent velocities
generally range between 0.1 to 10 m/s [0.33 to 33.0 ft/s].  At a rate of 1 m/s [3.3 ft/s], magma
will ascend 8 km [26,000 ft] in approximately two hours; during that same two hours, bubbles
will rise approximately 4 cm [1.6 in].  While these estimates represent an overly simplified case
(e.g., viscosity will be changing with ascent and water exsolution), they illustrate that even
bubbles as large as 1 cm [0.4 in] in diameter hardly move at all relative to the ascending melt.  

Moreover, magma flows along a fracture with a parabolic velocity profile in which the magma at
the flow front is continually pushed to the side by magma moving at greater velocity in the
center of the dike or conduit.  Any magma that has degassed near the magma flow front is
more likely to be plastered on the dike wall as a chill than reach the repository.  The
mechanisms for a significant amount of gas loss (e.g., migratory bubbles being released along
a static-free surface of magma) do not withstand scrutiny for this system.

2.3 State of Magma Upon Intersection With Drift

EPRI’s supposition that the intruding magma will likely be a volatile-depleted, viscous magma
with a low bubble fraction and a rheology characteristic of an aa lava flow is largely unsupported
by the conditions that govern exsolution.  Aa lavas flowing on the surface are associated with
degassed magma.  As detailed previously, however, there are no viable mechanics for
removing a significant amount of gas prior to intersection with a drift.  At the very least, a
degassed magma flow front, as EPRI suggests will be the case, requires optimal magma
degassing; equilibrium conditions should apply.  Yet under equilibrium conditions, a
trachybasalt with ~4 wt% initial water content will undergo rapid, explosive decompression on



5

intersection with the drift.  For example, if by some unexplainable mechanism all the exsolved
gas has been lost up to the repository level, at a 300-m [984-ft] depth and at pressures on the
order of 10 MPa, approximately 0.7 wt% water is still dissolved—an amount sufficient to drive
explosive flows when subjected to atmospheric conditions in the tunnel.  If disequilibrium
conditions were to apply, an even greater amount of gas would still be dissolved when the
ascending magma intersected the repository, and the explosive flows would be more violent
than with 0.7 wt% water.  Furthermore, under sustained, stable flow conditions, a magma with
~4 wt% initial water content will reach a critical volumetric gas fraction (~70 vol% bubbles) at a
~1-km [~3,280-ft] depth, and therefore the magma will not be characterized by a low bubble
fraction.  These conditions are more consistent with the formation of a foam or fragmenting
magma than with an aa lava flow.

The idea that the magma that initially intrudes into the drift during the first stage of the eruption,
described as dike ascent in EPRI (2005, p. 2-2), does so quiescently is also contradictory to
analog eruptions.  The early stages of monogenetic cinder cone formation involving
trachybasalt often involves intense jetting-style explosive discharges (typically during the first
several days) [e.g., Heimaey, Iceland in 1973 (Self, et al., 1974)].  Such activity produces a
significant amount of sub-centimeter tephra and a convective plume as well as fire fountains. 
While effusive lava flows can erupt fairly continuously throughout the course of an eruption, to
suggest that these eruptions begin primarily under quiescent conditions belies the observations
that explosive activity occurs early in Strombolian eruptions and is near continuous during the
cone-building phase.  Future activity in the Yucca Mountain region may be as intense as a
violent Strombolian eruption (Detournay, et al., 2003; Hill and Conner, 2000), which are
distinguished from Strombolian eruptions by sustained tephra plumes (i.e., high degree of
magma fragmentation and dispersal).  A violent Strombolian eruption is characterized by
increased explosivity compared to a Strombolian eruption; thus the initial stages of an eruption,
including the initial intersection of ascending magma with the repository, could be marked by
potentially highly explosive flows into a drift.

3   HEAT LOSS

3.1 Development of a Chilled Layer

EPRI concludes that the physical property of the magma entering the drifts is similar to a lava
erupted at the surface.  This conclusion assumes a degassed magma similar to the EPRI
magma described in the first paragraph of Section 2.1 and in contrast to the EPRI magma
described in Section 2.2.  EPRI states that the incandescence of erupted material is indicative
of magma that is erupted at or near its liquidus temperature.  As the magma enters the drift, it
will produce fire fountains, which would then spray adjacent waste packages and drift walls with
lava.  On contact with the colder drift walls and waste packages, the lava quickly cools and
forms a chill layer of basalt.  This chill layer acts as a protective barrier around the
waste packages.

This conceptual model of magma in the drift seems to be derived from an inappropriate analogy
to the cooling of degassed basalt lava flows at the Earth’s surface.  For example, the EPRI
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reports cite descriptions of intact cars, gas tanks, and water tanks entrained in lava flows from
the Igneous Consequence Review Panel report (Detournay, et al., 2003) as evidence that
metallic objects do not sustain thermal damage from lava flows.2  EPRI cites Lore, et al. (2000)
as a basis for their assertion that radiative cooling dominates at the surface of the magma flow
into the drift and conductive cooling dominates at its base.  However, the analysis of Lore, et al.
(2000) is for surface lavas, not magma inside subsurface drifts.

There are several misconceptions in EPRI’s reasoning.  First, cars remaining intact after being
seemingly engulfed in lava result from inflation of pahoehoe lava lobes.  The initial lava flow to
contact the object is very thin (i.e., centimeters to a meter in thickness).  It effectively burrows
underneath the object and a substantial crust (quenched outer boundary) develops.  If this initial
lobe is subsequently fed, the additional lava flows underneath the insulating crust and thereby
inflates the lobe, carrying the objects upward with the crust.  While this process of insulated
flow explains phenomena such as lava tubes, the development of a flow field, or lavas traveling
great distances from the vent, it is not applicable to the interaction of  lava flowing directly from
a dike/conduit into an underground repository.  Second, even if the initial contact between
magma and the waste packages, drip shield, or drift walls causes some of the magma to
quench, this quenched magma will be quickly reheated as additional magma enters the drift. 
By the law of conduction and for heat transfer with phase changes (Carslaw and Jaeger, 1989),
the surface of separation (δ) between the solid and liquid phases is given by

(1)

where κ is the thermal diffusivity of the liquid that is undergoing phase change and t is the time
for which phase change takes place.  This expression is given by Carslaw and Jaeger (1989)
from an analytical solution of a one-dimensional heat conduction equation with phase changes.

For magma, the thermal diffusivity ranges from 1 × 10!7 to 5 × 10!7 m2/s [1.1 × 10!6 to
5.5 × 10!6 ft2/s] (Carrigan, 2000).  Thus, given magma flow for 10 minutes, δ will vary between
0.8 cm [0.31 in] and 1.75 cm [0.69 in].  Thermal conductivity of wall rock and magma are
equivalent, but metal alloys are 50 times more conductive.  Even though the initial quench
forms a wonderful insulator against the metal, greatly limiting the conducive transfer from the
main magma mass, this thin layer is unlikely to form an appreciable chilled layer, and the
subsequent intrusion of magma is likely to simply reheat and melt it. 

Third, the EPRI model suggests that cooling of magma in the drift will occur at a rate equal to or
greater than cooling of lava at the surface.  Yet, lava flows at the surface cool through radiation
heat transfer with the air and the ground, and these lava flows have a very large
surface-to-volume ratio.  Similarly, an airborne fire fountain has a large volume of cool air with
which to exchange heat primarily by radiative cooling.  According to Wright and Flynn (2003)
and Davies, et al. (2001), almost 75–80 percent of the heat transfer and cooling of a fire
fountain takes place through radiation.  In contrast, only the initial volume of air in the drift and
the thin thermal skin of chilled magma as described in the preceding paragraph is available to
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absorb heat from the magma.  The configuration of the confined drift prevents significant
radiative cooling of the magma.

3.2 Magma Solidification

Based on the magma temperature and viscosity estimates of Nicholis and Rutherford (2004)
and accelerated heat loss to the tuffaceous rocks of the drift walls and the large surface area of
the engineered material, EPRI concludes that magma intrusions into drifts will be limited to 20
m [65.6 ft] from the dike–drift intersection.  While EPRI cites Carrigan, et al. (1992) as the basis
for their conclusion, no supporting calculations were provided in the EPRI reports.

Instead of magma solidification, the results of Carrigan, et al. (1992) and Carrigan (2000) show
that even relatively thin basaltic dikes {1 to 2 m [3.3 to 6.6 ft]} remain viable pathways for molten
magma to move, even over length scales of several kilometers.  According to Carrigan, et al.
(1992) and Carrigan (2000), deviations from laminar flow, such as local mixing caused by the
roughness of the dike boundary, promote cross-stream heat transfer.  Although the Reynolds
number is usually too small for true turbulent flow, true laminarity also appears to be the
exception rather than the norm.  Generally, heat is lost from ascending magma to the country
rock along the dike walls, so at any constant depth across the width of the dike, the
temperature of the magma will decrease from the center of the dike toward the dike walls. 
Effective heat transfer from magma ascending along the center of the dike to magma
ascending along the walls by mixing within the dike results in the replacement of some of the
heat lost to the country rock.  A more constant temperature across the width of the dike is thus
maintained and allows thin dikes to continue flowing.  Bubbles, in particular, appear to
significantly maintain a near-isothermal regime for flow in dikes.  Thus, the salient points of
Carrigan, et al. (1992) and Carrigan (2000) appear to contradict the EPRI report and instead
suggest the opposite conclusion—that magma can easily fill a drift prior to solidification.

3.3 In Drift Thermal Calculation

For thermal calculations of how the magma cools inside the drifts, EPRI used a modification of
the TOUGH2 code (Pruess, 1991).  Important assumptions in their analysis are 

• magma penetration into the drift of 20 m [65.6 ft] or less; 

• heat transfer is now limited to conduction (in contradiction to the conceptual model
discussed in Section 3.2);

• the drifts contain air and water vapor at atmospheric pressure and temperatures less
than 100°C [212°F], even though the calculations assume a water thermodynamic state
above the critical point; 

• the temperature of the magma is at 1,010°C [1,850°F]; 

• the magma is degassing (contradicting their earlier assumptions of degassed magmas); 
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• the gas phase will have a greater contact area with the magma compared with the
waste packages, but the evolving gas phase does not influence heat transfer; and 

• the canisters are continuous cylinders of Alloy 22.  

EPRI suggests that the magma temperatures will remain at 1,010°C [1,850°F] for up to
5 months inside the drifts, which is generally consistent with calculations in NRC (1999).  For
the extrusive case, EPRI assumes that these temperatures have minimal impact to the waste
packages and hence that there is no release of waste to the environment.  In the intrusive
scenario, EPRI comes to the opposite conclusion and assumes that all the waste packages
surrounded by magma fail.  Because only a limited number of waste packages fail, however,
the dose release through the groundwater pathway is deemed by EPRI to be minimal.  

There are a number of deficiencies in the EPRI modeling approach.  

• The thermal analysis was based on the unsupported assertion that magma penetration
will be limited to 20 m [65.6 ft] inside the drift, as discussed in Section 3.2.  

• There is no mention about whether the flow is laminar or turbulent.  

• The temperature difference between the initial magma and drift elements (waste
packages, drip shields, and drift walls) suggests that convection may also be a viable
mode for heat transfer.  

• The EPRI calculations do not consider lateral conduction from the wall rock directly in
contact with magma.  

• EPRI only solves the conduction heat transfer equation and not the full Navier-Stokes
equations (three momentum and one energy equations).  

• The EPRI model of waste packages greatly exaggerates their thermal mass.  Instead,
the waste packages need to be modeled as a series of nested cylinders.  

• EPRI does not mention whether they accounted for phase changes or solidification in
their simulations, making it difficult to evaluate the completeness of their equations.

• A critical misassumption by EPRI is that latent heat is negligible, which greatly distorts
their viscosity assumptions.  Models that purport to simulate realism need to account for
thermodynamic effects such as heat of crystallization, which could account for a
100–150 °C [212–302°F] temperature.  Crystallization is an exothermic reaction that
maintains lower viscosities and allows magma to erupt.

As evident from this review, the sections of the EPRI reports that discuss thermal calculations
of magma–drift interactions and the implications to performance of the repository were difficult
to follow and often presented conflicting assumptions and contradictory conclusions.  This is
especially evident between the two reports, in which the same assumed conditions in the drift
lead to waste package failure for the intrusive scenario but intact waste packages for the
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extrusive scenario.  Because of these conflicting assumptions and contradictory conclusions, as
well as the noted limitations of those parts of the thermal calculation that were discussed in the
previous paragraph, the EPRI analyses are not representative of observations made routinely
at volcanoes, and their conclusions appear to be inconsistent with fundamental physical and
chemical processes.  Thus, we do not consider the EPRI reports to be an adequate technical
basis to support igneous consequence modeling and performance assessment evaluations.

4  MAGMA DYNAMICS

4.1 Fluid Dynamics Model

The EPRI fluid dynamic model of magma–drift interaction is based on the Simple Adaptive Grid
Eulerian code (Gisler, et al., 2003), which uses an adaptive mesh refinement algorithm and
two- and three-dimensional multimaterial hydrodynamic governing equations.  It is capable of
simulating two- and three-dimensional configurations involving compressible gas or liquid fluids
of any composition.  According to the EPRI report, their computational domain includes a
vertical converging–diverging nozzle connected to a horizontal drift.  Specific conditions and
configurations of the EPRI simulations are provided in Table 4-1 of the extrusive report (EPRI,
2004).  The simulations involve both one- and two-dimensional simulations.  Similar to the
thermal and heat transfer analysis, the EPRI flow field analysis does not appear to be
consistent with fundamental physical and chemical processes of volcanic eruptions.

4.1.1 Multiphase Flow and Initial Conditions

EPRI assumes that, based on Nicholis and Rutherford (2004), the magma is a trachybasalt with
~4 wt% water, pyroclastic in nature, and has already undergone fragmentation.  This implies
that the flow inside the drift will be multiphase with continuous and dispersed phases.
Multiphase flow is assumed in most magma flow and pyroclastic dispersion simulations that
have been carried out in the last decade (Textor, et al., 2005).  Dufek and Bergantz (2005)
identified two distinct regions of multiphase flow in a developing conduit:  the magma/bubble
flow region and gas/particle flow region.  A fragmentation front separates these two regions. 
Melnik (2000) and Melnik, et al. (2005) carried out detailed one-dimensional analyses of these
two different regimes using separate equations in different regimes and found that at the critical
gas volume fraction 0.7–0.74, the bubbly fluid transitions to a two-phase particle-rich mixture
through fragmentation.  However, Table 4-1 of EPRI (2004) shows that the EPRI models use
only a single steam or basalt phase.  This is a flaw because fragmented magma cannot
constitute a single phase fluid.  Thus, the EPRI model does not account for the multiphase flow
and the carrier and dispersed phases.  Woods, et al. (2002) used a two-phase mixture in their
simulations of magma drift interactions.

The EPRI report does not provide sufficient information to assess the numerics of the
simulations (numerical scheme, spatial and temporal discretization, the details of the
computational grid, flow conditions, Reynolds number, Mach number, or pressure ratio).  EPRI
(2004) notes that the magmatic fluid (steam or basalt) entering the throat of the nozzle or drift is
initially at rest, has an initial pressure of 10 Mpa [100 bar], and an initial temperature of 1,150 K
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[2,102 °F].  This means that the initial magmatic fluid velocity is zero.  Yet in nature, fragmented
magmas are thought to have high ascent velocities of 100 to 200 m/s [224 to 448 mph] at the
depth of the open drifts (Dartevelle and Valentine, 2005; Melnik, 2000; Melnik, et al., 2005; Neri
and Macedeonio, 1996).  EPRI considered two magma initial velocities as shown in Table 4-1
(EPRI, 2004):  0 m/s [0 mph] and 100 m/s [224 mph] for steam and 0 m/s [0 mph] and 500 m/s
[1,119 mph] for basalt.  However, the results presented are only for cases where the initial
velocity is 0 m/s [0 mph].  A magma initial velocity of 500 m/s is too high for any realistic
simulations.  On the other hand, there is no comparison of results for these different initial
magma velocities.  These apparent contradictions are not accounted for in the EPRI analysis
(i.e., how the initial magma velocity influences the flow field) nor are they discussed in
the reports.

4.1.2 Nozzle Geometry and Flow

Postfragmented ascending magma must rise with a finite nonzero velocity (Dartevelle and
Valentine, 2005; Melnik, 2000; Melnik, et al., 2005).  The stagnation condition that EPRI
assumes is applicable to compressible nozzle flow, where a compressed stagnant gas is
allowed to expand to atmosphere pressure through a nozzle but only under conditions involving
large chambers and supersonic wind tunnel experiments (Anderson, 1990), cannot be applied
to a dike intersecting a drift, because the intersection point has a very small area compared to
the dike base.  The geometric condition of the dike and the drift cannot be adequately modeled
as a nozzle flow problem. 

For the EPRI geometry of the dike (a converging–diverging nozzle), the area ratio of inlet to
throat in the converging portion of the nozzle is around 100.  According to compressible flow
theory (Anderson, 1990), for such a high area ratio in the converging nozzle (subsonic
portion), the Mach number is almost negligible at the nozzle inlet, the flow is almost stagnant,
the static temperature is the same as the stagnation temperature, and the magma is much
less energetic for a general fragmented ascending magma.  EPRI includes a diverging portion
of the dike that intersects the drift.  No rationale is provided to explain the significance of this
divergence feature.  This diverging geometry leads to unrealistic flow condition within the drift. 
An area ratio of 25 (ratio of exit area to throat area) for the divergent portion corresponds to a
Mach number of 5, where the dike intersects the drift.  

Simple one-dimensional nozzle flow calculations show that for the large area ratio and
supersonic flow in the divergent section, the static pressure at the exit of the nozzle will be
greater than the atmospheric pressure.  This is a classic example of an underexpanded jet,
where the flow will undergo further expansion to equilibrate itself to the back pressure.  Once
the drift pressure has risen enough to exceed the nozzle exit pressure, the flow will have
shocks along with compression waves as the flow field tries to equilibrate pressure.  Whether
the flow will undergo expansion or experience shock will be determined by the amount of
back pressure.

Shock will occur because of the compressed air and subsequent changes in properties of the
magma as the flow transitions from supersonic to subsonic.  The shock will also undergo
multiple reflections within the drift with corresponding reductions in shock strength. These
conditions were evaluated by Woods, et al. (2002) based on shock-tube theory.  EPRI was
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critical of Woods, et al. (2002), yet comparison of the EPRI analysis with that of Woods, et al.
(2002) shows that the shock-tube analogy in Woods, et al. (2002) appears to be a more
realistic representation of conditions in the drift.  It is also worth noting that in explaining their
results on page 4-15 (EPRI, 2004), EPRI indicates the development of a rarefaction wave
moving vertically down the dike within the upper 50 m [164 ft] of the dike.  However, because
the flow is supersonic, it would be impossible for such a rarefaction wave to travel downwards.

5  SUMMARY

In summary, staff conclude that the technical analyses provided in the two EPRI reports often
contain flawed and contradictory assumptions of the magmatic conditions likely to occur in the
drifts at Yucca Mountain and lead to inconsistent and contradictory conclusions about the
performance of the Yucca Mountain repository.  The reports do not appear to represent
technically defensible analyses of igneous consequences at Yucca Mountain, and thus should
not be relied on by NRC as a basis for review of the DOE information in the potential Yucca
Mountain license application.  Moreover, nothing in the EPRI reports fundamentally contradict
or invalidate analyses provided in Woods, et al. (2002, 2006), Bokhove, et al. (2005), and NRC
(1999, 2005).
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Summary

Two EPRI reports on igneous consequences at Yucca Mountain consider intrusive and
extrusive processes that might affect the repository.  The reports consider a basaltic eruption
through the repository with interaction with the tunnels and canisters of nuclear waste.  The
reports are fairly comprehensive in that most, but not all, imaginable processes are
considered.  

Both EPRI reports contain errors and inconsistencies from a volcanological and fluid dynamical
perspective, which compromise their credibility.  I agree with EPRI that water-rich (3–4%)
trachybasalt monogenetic eruptions are the most likely scenario, making Lathrop Wells
volcano and other similar volcanoes (such as Heimaey in Iceland, 1973) good analogues. 
However, there are less evolved alkali basalts with probable high temperatures and lower
volatile contents that should be given more consideration given the regional history.  There is a
broad range of alkalinity in the Yucca Mountain basalts, which represent a compositional
continuum.  Proper basalts are represented by Pliocene Crater Flat, some Miocene Crater
Flat, and Nye Canyon (7–8 Ma).  Transitional to trachybasalt are Quaternary Hidden Cone,
Black Cone, and some Red Cone, with most Lathrop Wells being trachybasalt.  Basaltic
trachyandesite occurs at Thirsty Mountain (4 Ma), Buckboard Mesa (3 Ma), and some other
Miocene centers as well.  Thus Lathrop Wells is the most evolved, and it does not seem
axiomatic that the next eruption will be similar.

The assessment of various features, events, and processes (FEPs) for monogenetic
trachybasalt volcanism by EPRI lacks a complete understanding of current knowledge based
on empirical evidence from geological and eruption observation, phase equilibria constraints,
physical properties, and modeling of mechanical and fluid dynamic processes.  Since current
knowledge is far from complete, uncertainties are also not adequately incorporated into
the assessment.

The main issues and problems with regard to the volcanology of trachybasalt eruptions and
their possible interactions with the drifts are as follows.  The two reports confuse observations
from Hawaiian eruptions of more fluid, volatile-poor, and hotter basaltic magma with those
from more volatile-rich cooler eruptions.  A critical observation of trachybasalt eruptions relates
to intense explosive discharges that are part of the spectrum of explosive degassing
phenomena of Strombolian activity that characterises monogenetic cinder cone formation. 
This style of activity is not recognised within the EPRI assessment, which confines Strombolian
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activity to intermittent explosions related to efficient gas segregation processes in slowly rising
magma.  However, intense and nearly sustained explosive activity is the dominant style in the
construction of cones and in the early stages (first several days typically) of activity.  This is a
key point since this activity is the likely scenario during drift interactions over periods of days. 
Examples of relevant trachybasalt eruptions include northeast Crater of Etna and Heimaey,
Iceland in 1973 (Self, et al., 1973).  In volatile-rich trachybasalts, the 70 percent threshold for
transition between bubbly magma and an explosive dispersion flow occurs at quite high
pressure equivalent to depth terms to over twice the depth of the drifts.  This is not taken into
account as supporting principally early explosive interaction with the drifts.

The EPRI reports assert that the drift interaction will be with viscous degassed aa lava at the
solidus and so will not advance far into the tunnels (<20 m).  The degassing is purported to
occur in the frontal region of the propagating dike.  This is a flawed assessment for several
reasons.  First, they do not explain how volumes of magma comparable to a tunnel volume can
be effectively degassed in the magma front of the dike.  The time scales are too short and the
length scales are too small for any significant degassing to occur at ascent speeds of order ~1
m/s or greater; I will provide more details in the accompanying report.  The analysis also
ignores the flow field in the flow front of a dike that accretes frontal magma to the dike margins
and continually brings deeper magma to the flow front due to Pouiseuille flow.  The
assessment of the magma viscosity at drift level as very high (105 to 107 Pa s) as a
consequence of near solidus temperatures is flawed because it assumes isothermal rather
than isentropic decompression as well as neglecting pressure effects at drift level. 
Trachybasalt cannot be near the solidus at drift or even surface conditions because latent heat
of crystallization dominates the energy budget during decompression and degassing during
magma ascent, resulting in significant temperature rise.  Although detailed calculations need to
be carried out, full crystallization of a trachybasalt melt (driven by degassing under isentropic
conditions) leads to temperature rises of at least 150°C.  In practise, crystallization after full
degassing raises the temperature striving to attain equilibrium; the resulting mixture of melt
and crystals is well above the solidus.  Aa lavas could not flow if there are not substantial
amounts of melt present.  At repository level, pressures can be >5 MPa and water contents
>1%, so even more melt will be present compared to surface conditions at thermodynamic
equilibrium.  Finally, all aa lavas that have been well documented, as far as I am aware, start
out as pahoehoe sheet flows and have to flow some distance to evolve into aa.  The
calculation of rheology appropriate at surface conditions and the inference that flows down the
tunnels will be aa are, for these reasons, flawed.

There are many calculations based on mechanical fluid dynamical and thermal processes. 
Unfortunately, key calculations in the EPRI reports are based on incorrect physics and
inappropriate assumptions.  In the intrusive report, a conductive model is used to calculate
heat transfer along the tunnel in a gas media assumed to be supercritical steam.  This model
is flawed because strong horizontal and lateral temperature gradients in low viscosity gas
make convective heat transfer mandatory.  In the extrusive chapter, calculations are presented
from a study of surface cooling of lava to represent the cooling of basalt next to the canister. 
The models show temperatures declining with time (as expected at a lava surface), but this
cannot be correct.  Even qualitative consideration of contact temperatures at the interface
between a larger volume of hot fluid surrounding a cold object results in an initial intermediate
temperature, followed by temperature increasing and then decreasing.  A calculation is
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presented on a high-speed volcanic jet interacting with a canister, but neglects rapid heat
transfer in assessing the response of the canister; one would expect the metal shell of the
canister (a few cm thick of conductive metal) to heat up in a matter of only a few tens of
seconds.  All of the above are examples of models used extensively in the analysis of canister
response, but any inferences should be treated with great caution owing to the model flaws
and erroneous assumptions.

There is much criticism of the Woods, et al. publication in Geophysical Research Letters
(2002), and the EPRI report claims that this work is discredited.  The critique, however, is itself
flawed in several respects.  

(1) First, citing the Detournay, et al. (2003) report, EPRI concluded that the high pressures
at drift level used by Woods, et al. (2002) (10–20 MPa) are too high.  However, the
basic mechanics of dike emplacement are ignored and do not appear to be understood
by the EPRI authors.  To propagate a dike, the magma pressure must be a minimum of
the local minimum compressive stress and tensile rock strength, which places the
pressure to near 10 MPa.  This is the minimum value, and driving pressures can be
much higher.

(2) Second, the latter stages of lava extrusion in such eruptions require minimum
magmastatic pressures of 8 MPa at drift level (300 m); since this is the waning stage,
pressures early in the eruption should be higher.  This simple consideration
demonstrates that both the IC and EPRI analyses of drift level pressures are incorrect.

(3) Third, both IC and EPRI do not cite previous literature on overpressure estimates for
lava eruptions (e.g., Stasiuk, et al., 1993). 

EPRI presents what is claimed to be more advanced two-dimensional calculations of
high speed gas expansion into the repository.  They also criticise the interpretation of Woods,
et al. (2002) of their results.  The former is true in the narrow sense that a more elaborate code
is used, but the results are quite similar in terms of the important points.  The latter criticism is
also probably correct but is a narrow technical point since the calculations are not challenged. 
Most important, the new EPRI calculations (although not well described) are for single-phase
systems of steam or basalt.  Thus none of the EPRI simulations are as realistic from a
volcanological perspective as Woods, et al. (2002), which treats a multiphase dispersion. 
Further, the EPRI basalt simulations are entirely unrealistic since basalt alone cannot
accelerate to 100 m/s without gas.  Contrary to EPRI statements, the new models are not an
advance, but are less realistic and less informative from a hazards perspective.

In summary, the EPRI reports, despite their length, have large numbers of errors and flaws
from volcanological and modelling perspectives.  The reports do not represent a credible
analysis of the igneous consequences problem at Yucca Mountain and highlight the urgent
need for a nonpartisan assessment. 
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Extrusive Study

Chapter 2 is an analysis of likely kinds of monogenetic volcanism.  Most of the chapter
involves local, regional, and global data and observations on monogenetic basaltic volcanism. 
There is no information on compositions and petrology of YPB (Younger-Past-Caldera-Basalt),
which is a significant omission as the intrusive and extrusive cases assert that trachybasalt is
the most likely magma type, even though other centres (apart from Lathrop Wells) are
described as erupting fluidal basalt and forming agglutinate.  An issue is why couldn’t a higher
temperature, less volatile-rich, and less differentiated alkali basalt be considered since other
monogenetic volcanoes in the region are not as evolved as Lathrop Wells? The broad range of
alkalinity in the Yucca Mountain basalts represent a continuum with less evolved magmas than
Lathrop Wells from proper basalts (e.g., Crater Flat) to trachybasalts.

With respect to Table 2.1, the analysis is not consistent.  On page 2.5 (Section 2.1.2), the
report states that the data in Table 2.1 ‘..strongly indicate that..’ a future Yucca eruption would
be less than 0.1 km3.  In Table 2.1, five out of seven units exceed 0.1 km3 in volume and the
other two are about 0.1 km3.  Even if the different cones of Crater Flats, for example, are
regarded as separate eruptions, only two events are much less than 0.1 km3, so this volume
constraint does not seem well founded; indeed, the data suggest 0.1 km3 as a lower rather
than upper limit.

The description of a typical monogenetic eruption (top of page 2.5 and top of page 2.6) is
inaccurate.  Heimaey (Iceland 1973) is the most valid analogue for monogenetic trachybasalt
volcanism.  Having admonished others for using Hawaiian volcanism as an analogue, why
does the EPRI team use Hawaii extensively as an analogue?  On page 2.14, continuous
effusion of lava is recognized, so this may simply represent inconsistent writing.

On top of page 2.6 (Section 2.1.2), the statement is repeated (as in the intrusive report) that
the lava volume as a proportion of the total erupted volume will be small, whereas local,
regional, and global data indicate lava volumes are substantial and commonly dominant.  Lava
represents one-third the mass at Lathrop Wells, so this is not small.

The analysis of cinder cone volume neglects the observation that cinder cones are commonly
undermined and destroyed in long-lived eruptions by lava with large rafts of cinder cone being
carried away by the lava.  Also, as cinder cones get large, material is recycled into the vent. 
Finally, as an eruption proceeds, cones increase in height and much of the ejecta of
Strombolian explosions are recycled or carried away by lava.  These self-limiting tendencies
are not considered in the EPRI analysis.

On page 2.10, 1,500 kg/m3 may be suitable for bubbly pahoehoe on Kilauea, but it is far too
low for aa lavas on any volcano (values of 2,000–2,600 kg/m3 are more realistic).

The discussions of the relative proportions of dispersed tephra are sensible, but poorly
constrained.
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Chapter 3 

Overall, the account of dike propagation follows established understanding.   However, there
are many technical concerns within the chapter as well as neglect of factors that might be
important.

Section 3.1, page 3.3.  I did not understand the statement that the crack stops when vapour
pressure becomes sufficiently large.  Intuition and equation 3.2 suggests the opposite.

In an uncertain world, and with model assumptions and simplifications, it is very brave of EPRI
to state zero probability for dike penetration in the first 2,000 years of the probability.  There
must be lots of parameters in their stress model that are uncertain.  Will the model have
included inelastic deformation as a response to thermal stressing, uncertainties in rock heat
capacities, or effects of water infiltration on heat model, to name but a few examples of likely
uncertainties?

The figures on page 3.7 are not justified.

A pertinent point on dike width is that dike models indicate flowing dikes can be twice as wide
as the eventual dike that is preserved.  This has not been considered by EPRI.

The discussion on page 3.9 does not take account of the near-surface acceleration of magma
in dikes due to volatile exsolution and segregation.  For Lathrop Wells, magma accelerations
will be of the order of several fold due to the high exsolved volatile content at repository
depths.

On page 3.9, the dike segments are described as trending northwest, which is not consistent
with strong statements earlier in the report that dikes will trend northeast (and also statements
that say that exposed dikes trend northwest). 

In general, I agree with their critique of the Doubik and Hill (1999) work and agree that conduit
widths are not likely to be as great as proposed.

Figure 3.2 has no caption, making it hard to know how it fits into the argument.  

Statements on page 3.11 on slugging velocities are oversimplifications because transitions
between homogeneous and slugging behavior will depend on basalt type and rheology.

The report has many minor errors and this is highlighted by Carrigan, et al. (1992) having three
different publication years.  Discussion on page 3.13 is rather ad hoc.

Chapter 4

This chapter is a muddle, both with respect to volcanology and modeling.  There are numerous
inconsistencies, serious flaws, and spurious inferences.  
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Chapter 3 does not demonstrate that the magma encountering the repository horizon will be
much less energetic and disruptive than the DOE and NRC analyses.  I reread Chapter 3 and
saw no justification for this statement within Chapter 4.  It is asserted that the magma front will
be degassed, which is highly questionable (as discussed for the intrusive report). 

The discussion of basaltic magmatism on pages 4.1 and 4.2 confuses fluid-style Hawaiian
volcanism with more evolved types of basalt that produced Lathrop Wells and Heimaey,
Iceland, in 1973, which is one of the best documented trachybasalt monogenetic cinder cone
eruptions and therefore a much closer analogy to Lathrop Wells than Hawaii.  I will use the
Heimaey case to illustrate the confusion and errors in the EPRI account.  Missing from their
account is a style of activity that is common in many basaltic eruptions, particularly early on,
namely intense jetting-style explosive discharge, which represents an important variant of
Strombolian explosive cinder cone-building activity.  Such activity is common in the first days of
an eruption with little or no effusive activity (e.g., Heimaey).  Explosive activity is near
continuous at times and belies the misconception that Strombolian activity equates to low
energy bubble bursting.  Most of the Heimaey cinder cone was built in the first week with no
lava discharge.  The EPRI report thus promulgates a fundamental misunderstanding of cinder
cone eruptions in their early stages.  Such intense Strombolian jetting activity produces a
significant amount of sub-centimetre tephra and a convective plume as well as fire fountains. 
Discharges into the atmosphere are intense (100 to 200 m/s peak velocities and 50 to 150
m3/s for Heimaey; see Blackburn, et al., 1976).  This style of activity is important since it is the
dominant style in the first several days and represents the style that can be expected during
early tunnel interaction.  It casts considerable doubts on the EPRI case that viscous degassed
magma interacts with the tunnels, a conclusion also reached by my assessment of time scales
for significant degassing being far too short in these early stages (analysis in commentary on
intrusive case).

More specific points here are

Strombolian activity in the intense form described above does not consist largely of coarse
fragments and ballistics as stated by EPRI.  Clasts have to be 5–10 cm in size or more to be
ballistics (not >1 cm as stated on page 4.1).  Heimaey had >50 percent of ejecta <1 cm in the
first week (Self, et al., 1973).  While I agree that one should modify the ash-laden models a bit
for Strombolian activity (page 4.2), in practice the modifications are quite minor (see Sparks,
et al., 1997 in Chapter 4).

(1) On page 4.2, secondary lavas generated by fire fountains are mentioned.  This is a
prominent feature of hot fluid, volatile-poor Hawaiian lava fountains, but not of more
viscous trachybasalt eruptions.  This illustrates the confused thinking in the
EPRI analysis.

(2) At the start of Section 4.2.2, it is stated that the early phases of basaltic eruptions lava
is generated.  What is the evidence for this, particularly at Lathrop Wells? Trachybasalt
eruptions are commonly mostly explosive in the early stages.

The range of 103–105 kg/s (page 4.2) is too low; the book by Sparks, et al. (1997) is cited
erroneously.  Typical Strombolian rates are 104 to 106 kg/s (e.g., Heimaey averaged 4 x 105
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kg/s in first week; column heights reached peaks of 4–6 km consistent with such rates).  Note
that lava lakes rarely overtop the cone, but commonly undermine and breach the cone.  Note
that column heights of a few kilometers in cinder cone eruptions require significant heat
transfer from pyroclasts to air.  EPRI appears to be making its assessment based erroneously
by comparison with Hawaiian fire fountains.  The material that falls to build the cinder cone
falls from the convective plume, not just the fire fountain.  On page 4.3, Hawaiian systems are
introduced, and I question whether there is much evidence for agglutinate rim lying
progressively further from the vent; references should have been given to back up
this assertion.

The second paragraph on page 4.3 is incorrect.  Incandescence provides no evidence that
magma is near its liquidus.  Incandescence is simply thermal radiation (redness develops
probably above 800–900 °C) and can occur in almost solid lava, indeed below the solidus in
many cases.  Magma in almost all cinder cone eruptions is far from the liquidus because either
the magma is porphyritic or it has formed some microlites due to degassing.  This paragraph
lacks understanding of phase equilibria and of incandescence.  The last sentence is
inconsistent with the intrusive report that wants the magma to be very viscous and it is quite
unclear what ‘….rather the magma is and prone to solidification’ means.

The third paragraph on page 4.3 is irrelevant as Pelee’s hair and acheneliths are not major
products of trachybasalt cinder cone eruptions; they are common in higher temperature
Hawaiian basalt eruptions.  

The fourth paragraph is confused.  The report accepts ‘70 percent’ as the magic number for
the transition between bubbly and dispersed regimes.  It then asserts that this will occur at or
near the ground surface.  Later in the same chapter, high magma pressures are (incorrectly)
dismissed at repository levels.  All these attributes are in fact mutually incompatible.  For a
trachybasalt magma containing 3–4 weight percent water, 70 percent vesicularity is reached at
about 20 MPa pressure (about equivalent to 800 m lithostatic pressure and well below the
repository).  If EPRI wants low pressures in the magma intersecting the repository, then the
magma exceeds the transition well below the repository depth, and the interaction with the
tunnels will be explosive.  If on the other hand pressures are high, then the magma will also be
highly explosive when it meets empty tunnels at one atmosphere.  EPRI will have to
demonstrate that more than negligible amounts of the magma front region are effectively
degassed to support their fundamental concept.

In the fourth paragraph, they claim a mass flux of <103 kg/s for the drift (I assume that the
units kg/s m is a typo or do they mean mass flux per unit length of dike?).  This is too low or
EPRI needs to explain their units better.

In the fifth paragraph (page 4.3), the slugging behavior of intermittent Strombolian activity is
described, but this is typically dominant later in the waning stages of such an eruption.  A
temperature of 1,080 °C is introduced without justification, and it is stated that magma is now
cooler.  What is evidence for this cooling in a trachybasalt cinder cone eruption?  On top of
page 4.4, explosions of 100–1,000 per hour are described as ‘rare.’  Strombolian explosive
activity with these rates is in fact typical in the first few days of activity (the main cone-forming
stage), and much of the activity involves sustained explosive discharges where the activity is
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essentially continuous and a ‘rate of explosion’ is hard to define.  The second paragraph is
incorrect; most of the ash is formed in the early intense explosive phase, not when intermittent
Strombolian activity with lava extrusion occurs.  Why should magma at this stage cool more
quickly?  One has to have length scales, time scales, and geometry contexts to make this a
meaningful statement.

In Section 4.1.2, the statement is made that lava, as it erupts, forms a good basis for
understanding drift interaction.  This is fundamentally in error because lava at the surface has
degassed.  This not the plausible state of magma that encounters the drift early in a
trachybasalt eruption.  

The second paragraph of Section 4.12 (page 4.4) states magma is near the solidus.  This
statement is demonstrably wrong.  A simple calculation that takes account of latent heat
effectively demonstrates that for Lathrop Wells the statement is not correct.  Suppose Lathrop
Wells aphyric trachybasalt had an initial water content of 4 percent and temperature at
1,010 °C.  On degassing, feldspar, pyroxene, and magnetite crystallization generates
approximately 180 °C heating (see Blundy, et al., 2006) if the magma fully solidifies.  However,
at 1,190 °C  the magma is then almost at the liquidus, showing that full crystallization (i.e., the
solidus) is not possible.  The magma will be at some intermediate temperature and well away
from the solidus; indeed lava flows could not form at all if this were not so.

In Section 4.2 (page 4.5), the magma pressure is said to be a maximum of 5.1–5.5 MPa (the
minimum compressive stress).  Simple rock mechanics, however, requires the magma
pressure to be at least at the minimum compressive stress plus the tensile strength of the rock
to allow the crack to form ahead of the magma.  The pressure could be higher and does not
depend on this minimum pressure.  Gases escaping from the magma should make the
pressure in the crack tip much higher than one atmosphere on average.  On page 4–6 (same
section), chilling is said to reduce pressure on walls: there is no physical rationale for
this statement.

4.2.2 Critique of Woods, et al. (2002)

I disagree with the Igneous Consequences (IC) Panel position that initial fluid pressure of order
10 MPa is unlikely.  The pressure required is at least the minimum compressive stress plus
tensile strength.  Trachybasalt magmas rising in dikes also have to overcome the peak in mid-
crustal strength, which is of order 10–15 MPa.  Further modeling work and inferences from
observed eruptions (e.g., Stasiuk, et al., 1993) indicate overpressures of order 10–20 MPa. 
Near the surface, gas exsolution from supersaturated melt potential generates larger
overpressures still.  I do not know of any ‘classic’ dike propagation models that predict that the
magma front being volatile poor.  As far as I am aware, appropriate models have not been
published.  The propagation of volatile-rich magma into a propagating crack is a complex
problem, but the time scales are very short for significant volumes of frontal magma to be
degassed, and the anticipated flow pattern (Pousielle flow) of frontal magma being pushed
aside to form marginal chills further reduces frontal degassing.  By significant, I here explicitly
mean a volume of magma comparable to the drift volume.  Even if a degassed magma front
could be demonstrated, its volume will be negligible compared to the drift volume and so of no
consequence.  For a drift volume of 2 x 104 m3, the depth in the magma dike of equivalent
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volume for a width of 1 m and breadth of 80 m is 250 m (assuming no volatiles).  For a
pressure of 5 MPa, the dissolved volatiles are about 0.7 wt% (or roughly the volatile content of
Hawaiian magma that drives fire fountains).  IC or EPRI need to explain how a few hundred
meters depth of magma can degas moving at speeds of order 1 m/s.

The bottom of the first paragraph (page 4.9) is incorrect in stating that the gas in the narrow
crack tip can gradually build up tunnel pressure.  The crack tip contains negligible gas mass. 
Even at the extreme of assuming a crack 100 m long, 0.1 m wide, and containing water vapor
at 10 MPa (far higher than EPRI or IC claim), the pressure increase in the tunnel will be to 2.5
atm when this mass of gas is added into the tunnel.  However, given the mixing with cold air
will create temperatures where the vapor condenses, the actual increase will be much less. 
Elsewhere the EPRI report suggests that some gas infiltrates the wall rock, making the
calculated effects even smaller.  The vapor in the crack tip thus has a negligible effect.

At the bottom of page 4.9, many counterexamples can be cited of volcanic flows that cause
severe damage.  In the Montserrat pyroclastic flow of 26 December 1977, houses were
completely destroyed to their foundations (Sparks and Young, 2002).  Also the flows
transported trucks and bulldozers >200 m and were severely deformed at a velocity of about
60 m/s, comparable to that expected in the interior of an accelerating explosive Strombolian
jet.  At the other extreme, the trachybasalt lava flow front at Heimaey bulldozed houses and
metal street posts as a consequence of its very high viscosity.  While I consider the explosive
interaction as most relevant, this illustrates the danger of selective choice of examples to
suit a position; EPRI need to be careful to make their work objective if they are to
claim independence.

Section 4.2 is a fluid dynamic critique of the interpretation of Woods, et al. (2002) results.
Morrissey is a leading expert in the field, and so EPRI’s remarks could well be correct. 
However, it struck me as a very narrow technical point that is being made, and EPRI does not
question the results of Woods, et al. (2002) calculations (given the assumptions).  The key
point is that in their independent models, EPRI agrees with the basic concepts of rapid filling
and pressurization of the tunnel by explosive flows.

Although Section 4.3 on EPRI’s independent analysis criticizes Woods, et al. (2002), the basic
description of the EPRI model assumptions are hard to follow.  From Table 4.1, it appears that
it is not a two-phase mixture but rather a one-phase model that assumes either steam or
basalt.  It is thus far less realistic than Woods, et al. (2002) since neither end member modeled
could be realized in nature.  (The amount of pure steam in the crack tip is negligible and so the
steam models must greatly overestimate the source term volume by running the models
without this constraint).  Completely degassed basalt is equally implausible for reasons given
above.

The interpretation of the calculation results can be queried.  On page 4.16, how can a pressure
of 2–3 MPa open up a crack over the drift if the minimum compressive stress is 5 MPa?  How
can a pure basalt (presumably with no gas) reach a speed of 100 m/s or 500 m/s (runs 3 and
6) with gas as the propellant?  The simulations are based on volcanologically unsound
boundary conditions and assumptions.  Thus the EPRI report is not a substantial improvement
on Woods, et al. (2002, page 4.18) and in some respects is less realistic.
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The key issue has yet to be modeled; namely, the partitioning of flow between the explosive
expansion of magma into an empty tunnel at one atmosphere with cross-section of order 20
m2 compared to flow into a narrow (<0.1 m) crack tip.  While this needs to be done, intuition
suggests that the tunnel flow will initially dominate as this path offers far less frictional
resistance (initially near zero).

On the basis of the new EPRI results, one cannot agree that Woods, et al. (2002) has been
discredited.  The summary of this section repeats the flawed conclusions of Chapter 4 and is
also inconsistent with the first paragraph claiming low vapor present in the crack tip (<0.1
MPa).  The third paragraph uses calculations with steam that assume a very high pressure to
make the case that the fracture continues to propagate; this is unrealistic.

Finally, I agree with both EPRI and IC that continued propagation of the fracture and
subsequently after the tunnels are filled is the most likely scenario. 

Chapter 5

Much of this chapter concerns metallurgical issues and canister behavior under various
conditions and goes outside my expertise.  My comments therefore relate to the volcanological
aspects.  I found the text a little hard to follow due to unfamiliar engineering units.

Page 5.1 (and elsewhere in chapter).  The solidus is actually determined by pressure for
water-saturated magmas, not the water content.

Figure 5.1 cannot be correct.  Figure 5.1 looks like the cooling of the free surface of a lava,
not the basal cooling.  For basal cooling, the contact temperature for magma-solid contacts
starts out at the mean temperature for materials with the same heat diffusivity.  For magma
touching metal, the temperature would be lower than the mean (metal has a higher diffusivity). 
For a canister largely surrounded by magma, the canister should first heat up with time, reach
a maximum, and cool with the lava.  Figure 5.1 does not represent the appropriate calculation.

Section 5.2.1, page 5.3.  The models for a high-speed jet are the most likely case for gas-rich
trachybasalt (see page 5.15, too).  

Section 5.2.3, page 5.15 to 5.19.  The structural analysis appears detailed and sound as far as
I can judge as a non-expert.  However, the analysis does not include two important effects;
namely, heating of the canister by the hot jet and effect of clast projectiles entrained in the two-
phase jet lifting the canister.  The heating will be rapid and advective, so the canister walls
would heat up to magma temperatures in a matter of minutes, while the flow could be
sustained for hours or days in the early stages.  Given severe weakening (Figure 5.2.5), the
models would need repeating to take heating and projectiles into account.  The case for failure
due to impacts not being significant has not been made (see page 5.29 statement).

Section 5.3,  Note again that Figure 5.1 does not represent the appropriate thermal history, so
erosion would need to be reassessed when appropriate calculations have been done.
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Page 5.30,  The case that internal gas pressures are too small for failure seems reasonable. 
However, the hydrostatic load of magma, once the dike breaches the surface will be high, so
why has EPRI chosen 12 m as representative when the connected dike has a magmastatic
load of 300 m?  Behavior of the canister, when the external pressure is much higher than
internal, needs to be assessed.  This circumstance could be very important in a lava-filled drift
where the driving magma pressure or even just the magmastatic pressure holds.  Crushing
may be the major way of failing the canisters in a magma-filled tunnel.

Interestingly, consideration of magmastatic pressure allows demonstration that the IC Panel is
definitely incorrect to state that the magma pressure cannot be as high as 10 MPa (see
page 4.9 in Chapter 4 at top).  The late stages of such eruptions are dominated by degassed
lava extrusion.  At repository levels, the magmastatic pressure will be 7–8 MPa and must
exceed this pressure to allow flow.  Since the driving pressure declines with time the drift level
pressure early in the eruption must be substantially greater (ergo >10 MPa).   

Chapter 6

The effect of the release of radionuclides on water flow is examined in terms of a ‘dimension
factor.’  The report sensibly states that this is hard to estimate.  Figure 6.2 on page 6.3 is
inconsistent with their favored model.  The only way to preserve the drip shield would be to
have rather hot fluid magma.  Since aa (viscous) lava can bulldoze houses down, it is hard to
see how the drip shield could be preserved.  The basic point that the basalt encasement does
not make much difference seems sound.

Chapter 7

No comment.

Chapter 8

This contains an interesting probability analysis for the dosage.  This is a critical chapter as it
imports the essential conclusions from Chapters 3 and 4 that only a small length of tunnel will
be filled.  It is inconsistent to assume that an aa flow with large solid rock clasts at the flow
front will not damage the drip shield.  Since aa flows can push houses down, their suggestion
of a gentle emplacement is not convincing.

In Figure 6.3, the putative dike crosses the main tunnels that would be filled with lava (unless
they are back filled) and would provide a route to access other tunnels not intersected by
dikes.  This depends on design, of course.

The key aspect of this chapter is whether tunnels are largely filled or incipiently filled as in the
EPRI model.  In my view, their model is flawed for reasons outlined above. 

The wording is repeatedly assertive and colored.  On page 8.9, the speculative and
questionable analysis by EPRI is described as ‘the best available data.’
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On Page 8.12, is 1.6 x 10-8 year-1 the agreed value for volcanic events?  I thought that this
issue was still being considered by an expert panel.
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INTRUSIVE REPORT

Section 2.  Igneous intrusion event description

This chapter seeks to evaluate the sequence of igneous events when a dike intersects the
Yucca Mountain repository.  The section (page 2.1 to 2.6) is uneven in quality and contains
several poorly justified assertions, non-sequiturs, errors, and flaws.  The document suggests
that members of the EPRI group are not sufficiently familiar with basaltic volcanism or
lava dynamics.

Although a little simplified, I have no major issues with the basic scenario set out in Paragraph
2 (page 2.1).  Paragraph 3 suggests unfamiliarity with empirical evidence on typical eruptive
sequences in monogenetic basaltic eruptions.  Lava becomes increasingly dominant as such
eruptions progress and lava is normally the dominant product.  Either the wording in this
paragraph is poorly expressed, or the writers do not know about observations of monogenetic
eruptions or inferences that can be drawn from the geology of prehistoric eruptions like
Lathrop Wells.  Aa lava is commonly the dominant rather than subordinate product.

Section 2.1 is flawed in a number of aspects.  The issue being addressed concerns the
properties of the magma at the front of the intrusion just behind the crack tip.  The assertion is
made that this magma is ‘volatile-depleted, viscous magma with a low bubble content.’ 
Further it is implicit in the EPRI scenario development that this region of degassed magma
must be quite voluminous and that its effect on the repository interaction is negligible.  Neither
of these assertions stand up to scrutiny and involve seriously flawed arguments and concepts.

Unfortunately, as far as I am aware, there are no modeling studies of what is quite a complex
problem, but scoping calculations and a little consideration of physical principles are sufficient
to demonstrate the difficulties and logical inconsistencies within the proposed EPRI scenario. 
In the initial stages of a basaltic fissure eruption, ascent speeds are of the order 1 m/s, and the
magma front has a pressure that must exceed the minimum tectonic stress by approximately
the tensile strength of rock; values of 5 to 10 MPa are reasonable at repository depths.  As a
consequence of the solubility law of water in basalt melt, most bubble formation will occur in
the last several hundred meters of ascent.  There is thus little time for the advancing front to
lose gas, and the gas loss itself requires a mechanism.  The report gives no indication what
the mechanism is for degassing, but the scenario proposed requires a rather passive
mechanism. Even were all the exsolved gas to have been lost up to the repository level,
solubility relations would require at least 0.7 percent to still be dissolved.  This is plenty of gas
to drive explosive flows when this magma is exposed to 1 atm in the tunnel or atmosphere. 
Even if the magma had lost all the gas it had exsolved, the EPRI scenario is flawed.

It is, however, hard to see how much gas could have been lost given the time scales.  Gas
separation requires bubbles to move to the top of the column of magma and separate, but
bubble size is limited by diffusion, and the best estimates of bubble size in basalt are a few
millimeters (Sparks, 1978), consistent with observations of scoria.   Much larger bubbles can
form by coalescence in situations of slow ascent or possibly very fluid magmas, but this is
unlikely in the early stages of a monogenetic eruption (unless viscosities are very low).  Let us
take, generously, a 1 cm diameter bubble.  Trachybasalt magmas at a pressure of 5–10 MPa
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have viscosities of about 100 Pa s (see later for critique of EPRI’s viscosity estimates).  Bubble
speed is thus, using Stokes Law, of order 1 m in a 1,000 s of ascent.  On the time scales of
magma ascent through the depths where bubbles grow, they hardly move relative to the melt.

An alternative and perhaps more likely scenario is that gassy magma near the crack tip
expands explosively.  Given the volume of the crack tip, this might produce small volumes of
degassed magma, but is negligible compared to the tunnel volumes.  However, flow dynamics
dictate that lower viscosity magma will bypass this degassed component, which is more likely
to be plastered on the dike wall as a chill than reach the repository.  Magma flows along a
fracture with a parabolic velocity profile; the EPRI scenario ignores horizontal velocity
gradients in such profiles, which means that magma at the flow front is continually pushed to
the side by faster magma along the center.  While acknowledging that the flow front behavior
is a tricky and as yet unstudied problem, the EPRI scenario is implausible.  It is certainly
unwise for the EPRI report to represent such a scenario as an established fact, given the
difficulties of understanding how the dike front behaves.  However, models of fast-flowing, gas-
rich, low-viscosity magmas in propagating dikes have not been developed yet.  There may well
be surprises when such work is done.

The EPRI report presents some very high viscosities for the magma that first encounters the
tunnels.  These values (105 to 107 Pa s) are highly problematic for several reasons.  First, as
shown above, for efficient degassing to take place either by coalescence or bubble rise,
viscosities should be low.  It is illogical to assert that magma is extremely viscous and
simultaneously invoke a degassing process that can only be effective at low viscosity.  More
important, the viscosities cited do not bear scrutiny.  Mount Etna erupts trachybasalt at about
1,070°C.  The melt phase has a viscosity of about 102 Pa s, but the Etna trachybasalts have a
measured field viscosity of 105 Pa s (Pinkerton and Sparks, 1978).  This is a consequence of
very high suspended phenocrysts (~50%) and microlites (~15–20%).  Lathrop Wells lava is
poorly phyric, so it should extrude at viscosities well below Etna values.  Another analogy is
Lonquimay andesite in Chile (60% SiO2 and 950°C), which erupted with flows with estimated
viscosity of 104 Pa s (Naranjo, et al,, 1992); this is also a poorly phyric lava and closer to
Lathrop Wells in this respect.  It is hard to see how Lathrop Wells could have a viscosity one to
three orders of magnitude higher than an andesite with higher SiO2 and lower temperature. 
Further, the viscosity at repository level must be lower, because at pressures of order 10 MPa
1% water is still dissolved, and there will be fewer microlites than either Etna or Lonquimay. 
The EPRI report greatly overestimates viscosity with no justification.

A final issue is that Lathrop Wells trachybasalt is taken as typical.  Is this certain?  In the
region could not one get less differentiated and hotter alkali basalts and basanites too?

The report indicates a fundamental misunderstanding about aa lavas.  Many if not all aa lavas
start out as sheet flows and pahoehoe and require prolonged cooling and degassing to evolve
into aa flows at the Earth’s surface.  Basanites and trachybasalts at Mauna Kea, Mount
Cameroon, and Etna start as pahoehoe sheet flows and evolve (typically over periods of tens
of minutes to hours) into aa.  The EPRI report proposes that the magma immediately entering
the tunnel is already in the aa state, at variance with observations. 
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Section 2.1 ends with the remarkable statement that the ‘dog-leg cannot and will not develop.’ 
While I agree that the continuation of the dike is the most likely scenario, such an emphatic
statement of zero probability in the face of many uncertainties is unscientific.  It is quite easy to
imagine a dog-leg scenario.  The advancing fracture has to be pushed apart by magma
pressure, but magma pressure is reduced as magma is diverted into the tunnel.  If other
fractures (e.g., faults) exist which offer less resistance than the original fracture, then the
dog-leg could happen.  The science is simply not advanced enough to make
absolutist statements.

Section 2.2, Stage 2.  For rather similar reasons to the discussion above, paragraph 1
(page 2.3) is flawed.  There is no empirical evidence to support the progressive increase
volatiles.  Quite the reverse: basaltic eruptions are typically the most explosive over the first
few hours and days.  EPRI are allowing preconceptions to govern their thinking rather than
using evidence-based science.  I will leave comments about the plug for Chapter 3.

Section 2.3, page 3, has a major non-sequitur and lacks coherence as a discussion.  It is
definitely the case that fissure eruptions centralize rapidly within a few days at the Earth’s
surface.  It is, however, not at all clear what happens at depth.  Cylindrical conduits develop
because of explosive excavation of country rocks; there is not much evidence for this having
happened at Lathrop Wells or for it happening in a hypothetical Yucca eruption given low
groundwater levels.  Flow focusing is not completely understood, but thermal effects may be
important with the widest part of a dike system supplying the longest sustained flow. 
Essentially it is uncertain how the flow field develops at depth in a dike system and how the
focusing observed at the surface extends with depth.

I found it hard to follow the section on Page 2.4 on interaction with the drift.  It is not clear how
the flux values were calculated, especially the hot spray value of <103 kg/s m, which seems
very low.  The report erroneously proposes that aa lava forms immediately. 

Chapter 3

Much of the analysis in this chapter is flawed, partly for reasons discussed with regard to
Chapter 2, partly because the thermal calculations are insufficiently described in places and
partly due to incorrect assumptions.

Section 3.1 repeats the flawed arguments of Chapter 2 and asserts (incorrectly) that the lava
moving into the drift will be high viscosity.

Section 3.2.  The Bechtel SAIC Company, LLC (2003) calculation has a rather curious choices
of parameters, especially dike width and density.  The low density is either a mistake or
assumes that bubbles are present at high pressures, which is inconsistent with the degassed
state of the magma.  This is not EPRI’s fault, but they are using clearly inconsistent models
from OCRWM.

Section 3.2.2, page 3.4.  Why does the EPRI report use emotive language? Reducing magma
temperature to 1,110°C will not reduce the cooling times that much.



A-16

They then have a misleading calculation.  It might well be true that the heat released by the
packages is more than the magma over 1,000–2,000 years, but it’s not clear why this is
relevant.  It is the time that the magma is hot that can damage the packages and release
nuclides that matters.  

Page 3.5.  Magma partitioning between the vertical fracture and tunnel should be independent
of viscosity, so Bechtel SAIC Company, LLC ’s reported result sounds suspect.  In general, it
is hard to follow the calculations and text here.  These calculations should be done properly
using golden syrup results.  Figure 3.1 looks wrong, because constant pressure at dike flow
should decelerate not accelerate and reach steady state (DOE calculations look wrong). 

Section 3.2.3.  The thermal calculations in Figure 3.3 are not explained, so it is hard to
evaluate, but they do not look right. 

Page 37.  How do the EPRI authors calculate the solidus?  One needs to make assumptions
about water content and the pressure.  This section is confused and does not justify any of the
statements based on phase equilibria or empirical observations.

Section 3.3.2, page 3.9.  What is the basis for calculating the phenocryst and microlite
contents?  These are disequibrium systems, so it would be rash to take Nicholis and
Rutherford’s equilibrium experiments.  Latent heat effects need also to be considered.

Section 3.3.2.1, page 3.9 is problematic.  How can they estimate stopping distance as 20 m or
less without a formal calculation?  Real lavas and intrusions can go on and on.  The 20 m
distance is an assertion with no evidence or convincing arguments or proper models.  This
notion became fact by page 3.12!

Section 3.3.3.3 is flawed modeling based on inappropriate and, in certain respects, impossible
assumptions and boundary conditions.  Most of the results are thus unsupported and any
conclusions drawn from them suspect.  The problem concerns a hot plug of lava extending
part way along the tunnel, and the problem is to estimate the thermal evolution.  There is not
enough information given to evaluate the calculations fully.  The heat is transferred by
conduction and involves super critical water in the tunnel.  The results are flawed since the
assumption of 1 atm pressure and calculations of temperature violate the initial assumption. 
Water filling a tunnel at less than 100°C and 1 atm is a liquid, not a gas!  The calculation gets
even more problematic because heat is transferred in the gas by conduction, but the
conditions are clearly convective, so the calculations of temperatures along the tunnel are
meaningless.  It appears from Figure 3.11 that the calculations do not consider lateral
conduction from the wall rock directly in contact with the magma.  Since heat diffuses more or
less isotropically, the results in Figure 3.11 cannot be correct.  Having pressure-equilibrated
gas at 1,500K for five months (Page 3.14) is a unphysical result as gas will convect and cool
down rapidly against adjacent cold canisters and wall rocks.  I note that ‘key parameters’ in
Table 3.3 does not contain key parameters such as magma properties and gas properties. 
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Chapter 4.  Potential Magma-Waste Package Interactions

This chapter deals mostly with matters outside my expertise, so I cannot make any
authoritative statements on how the waste package will respond to the magma intrusion. 
Those parts of the analysis that rely on the thermal modeling in Chapter 3 should be
disregarded.  The unsupported conclusions about the nature and extrusion of direct magma
interactions and on page 4.2 (a maximum period of flow through of 65–80 days) appears
without explanation.  I got rather confused in the sections on corrosion as one would expect
acid solution to be formed (H2SO4 and HCl) as the volume gas cools, condenses, and forms by
reactions with craters.  Thus the aggressive low ph acid solutions seem more likely in contrast
to the statements on page 4.11.  Acid solutions are not mentioned on page 4.15. 

Chapter 5.

No comments here as the analysis appears sensible albeit qualitative.  Also hydrogeology is
not my expertise.

R.S.J. Sparks 
15th September 2006
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Review of EPRI Report

Two detailed reports have been prepared by EPRI concerning the potential impact of an
interaction between a nuclear waste repository and a volcanic eruption through the repository.

One of the dominant themes in the EPRI report is that previous work has been too
conservative; the EPRI report proposes that some of the complex eruptive processes are
much better understood than suggested earlier.  However, one key development in 2004 was
the recognition by Nicholis and Rutherford (2004) that the basaltic magma, hawaiite, which
characterises eruptions in the Crater Flat volcanic zone may be very volatile rich, with up to
4.6 wt% H2O in melt inclusions.  This new information poses some challenges for models of
the eruption of low viscosity basaltic melt: these challenges include the effects of two-phase
flow and the balance between decompression-induced crystallisation and magma mobility.

In the EPRI reports, a number of assumptions have been made which lead to specific
conclusions; some of the conclusions are at odds with earlier work, for example, as that
described by Woods, et al. (2002).  The origin of the different conclusions is largely a result of
the different, and in some cases more specific, assumptions used to generate models of the
magma-repository processes described in the EPRI report.  In this short report, we address
some of these assumptions and identify areas in which there is uncertainty and in some cases
inconsistency between the assumptions and/or with field observations.

Key assertions in the EPRI report are that

(i) Magma can only travel a short distance down a drift from a dike, prior to solidification. 
This assertion is based on published literature/models about surface lava flows and
their cooling history and on the inference that the rising magma will become highly
immobile and viscous once it has entered the drift from the dike. However, there is an
implicit assumption that the magma continues to flow vigorously in the dike without
being subject to such cooling.  The cooling models seem to neglect the finite surface
area of the drift and the limited distance into the walls through which heat can be
conducted from the flowing magma over the first few minutes—this has a substantial
limiting influence on the amount of cooling of the magma as it flows into the drift. 
Indeed, since the heat flux from the magma into the walls is diffusive, then the skin
depth will increase as (kt)½.  Given k, the thermal diffusivity, has a value of order 1-5 ×
10-7 m2/s, the thickness of a drift wall that can be heated in 10 min (600 s) is only about
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1 cm. If the tunnel fills on this time scale, the main bulk of the magma will experience
relatively little cooling (since the mass of magma in the tunnel would scale with the area
of the tunnel (~20 sq m), while the mass of rock in thermal contact with this magma
scales as 1 cm times the circumference of the tunnel (~0.16 sq m).  In this context, the
canister walls themselves are only 1 cm thick and so can only chill a comparable
thickness of magma—additional accumulation of magma on the canister walls would
lead to reheating of any initial chilled magma, and possible remobilisation of
the magma.

(ii) The report emphasises that magma may have lower temperatures (1,010°C) and so
less of a degradational impact on the waste canisters, which it might encounter than
assumed in earlier studies that have assumed magma temperatures of 1,200°C.  This
assertion of the reduced damage hinges on data about the mechanical strength of the
canisters at such high temperatures—yet in the EPRI report, the material properties at
such high temperatures seem to be extrapolated from data at lower temperatures
and/or for other materials than the material of which the canisters are actually to be
made.  Since the mechanical strength falls off significantly near these temperatures,
such extrapolation includes a considerable range of uncertainty.  See page 5-32 of the
second report also.

(iii) The report asserts that the magma which flows into the drift from the upper reaches of
the dike, at the start of the eruption, is decompressed and of viscosity 105-107 Pa s and
rises with a speed >0.04 m/s.  It is difficult to see how bubbles could separate from
such a viscous magma—a 1 mm bubble would have a rise speed in the range
10(-8)-10(-10) m/s with such large viscosity.  It may be that the bubbles form an
interconnected network which leads to some permeability and hence allows for gas
escape.  If this is the case, then one would expect similar behaviour in the early stages
of such basaltic eruptions as for a degassed viscous lava issuing at the surface prior to
arrival of a more gas-rich melt.

(iv) The model of the flow at the dike-drift interaction has been described in similar terms to
the flow behaviour at the surface. However, the pressure may be 106-107 Pa larger at
the drift-dike junction than at the surface, and so some volatiles may still be in solution
in the magma.  Also, since the system is 200–300 m below the surface, and since the
cooling is limited owing to the finite surface area available to absorb the heat, the flow
rheology is more likely to be analogous to the flow rheology of the dike flow than
surface lava flows.  If, as stated on page 3-1, the flow entering the drift is a slow-
moving, degassed, high viscosity and low temperature material that will likely crystallize
upon decompressing in the drift, the challenge is why this does not also occur in the
continuing upward flow of the magma in the dike, and hence, why the material
even erupts.

(v) Even if some of the initial fragments of magma solidified on the canisters or tunnel
walls, as the continuing flow arrives, it will reheat this chill layer—the chill can only be of
thickness comparable to the zone of heated concrete [sqrt(kappa t)], where kappa ~1-5
× 10-7—leading to a chilled zone of order 1–2 cm thick over the first few tens of
minutes.
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(vi) Page 3-4.  There is an assertion that the cooling time of 900 years for the drift to cool
back towards ambient temperatures would be substantially reduced if the initial
temperature was 975°C rather than 1,150°C.  However, since the cooling is conduction
controlled in the surrounding rock and the thermal diffusivity is the rate-limiting process
controlling the cooling, it is not clear what is meant by the statement that the time scale
will be substantially shorter (does this mean 1–10% shorter or several
multiples shorter?).

(vii) Section 4 discusses the pressurisation of the canisters owing to heating of the air within
the canister.  This does lead to a pressure increase, but the stress associated with the
weight of the waste is also significant and relevant if the walls become heated
and weakened.

Report II

In the second report, many of the issues raised in the first are reiterated.  However, some
additional discussion is made of the Woods, et al. (2002) paper, which is worth comment.  In
particular, in the second report, there is a detailed description of the shock tube dynamics
reported in the Woods, et al. paper.  The discussion in the EPRI report describes some of the
standard features of a flow decompressing through a convergent-divergent nozzle, and this
description complements the discussion given in the Woods, et al. paper.  However, the
discussion in the report does not address the dominant nonlinear front which propagates from
the end-wall of the tunnel back towards the dike.  This front is a result of the closed end-wall of
the tunnel and is discussed in detail in the Woods, et al. paper where it was described as a
shock wave (i.e., a propagating discontinuity).  This wave is rather important in the present
context as the region behind the wave at the distal end of the tunnel becomes and remains
pressured.  It is this pressurisation which Woods, et al. suggested may initiate or lead to
breach of the repository.  The shock waves described in the EPRI report are associated with
the detailed flow structure near the connection between the dike and drift.  Although these do
develop and they are captured in the calculations shown in the Woods, et al. Geophysical
Research Letter paper, they were not described in detail in Woods, et al. as they were not the
key feature of interest.  The EPRI report seems to focus on this feature of the flow (which in no
way contradicts any of the figures or discussion in Woods, et al.), but has missed one of the
key points of the calculations reported by Woods, et al.

The EPRI report also describes some two-dimensional calculations, showing the flow migration
from the dike into the drift through a sharp corner.  The calculations lead to the prediction of
very high pressures at the upper surface of the drift where the flow decelerates in the vertical
and begins to spread in the horizontal direction.  Such high pressures will lead to erosion of the
upper surface of the drift, as suggested by the report; however, the time scale of this erosion
compared to the time scale for the flow to enter and fill the tunnel is unknown.  There is
therefore some uncertainty in the EPRI conclusion, even though the theoretical calculations
seem to be internally consistent.  Furthermore, if the EPRI conclusion is that the dike is
opened up to the surface owing to this large pressure, rather than flowing along the drift, then
there seems to be an inconsistency.  Essentially, as the dike is opened up, the flow rates
would remain much lower, comparable to the dike ascent process—so the dynamic pressure
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would be much smaller at the upper surface of the drift (since there would be a much less
vigourous flow).  As a result, there would be less erosion of the drift roof, and hence the
magma might instead flow into the open drift.  Given these comments, it seems difficult to
eliminate the possibility of magma flooding the drift, even if the flow also continues towards the
surface and erupts through the original dike.

Detailed Points
  
It is not clear what viscosity has been used to calculate Figure 3.2—since the bubble rise
speeds seem to decrease with increasing bubble size.

It is not clear how the results of Carrigan, et al. (1992) are applied/relevant to Section 3.  If the
temperature in the drift falls as shown, then it will also fall in the dike, and this may arrest the
flow in the dike at least as effectively as in the drift, since the surface area-to-volume ratio is
much higher in the dike.  Is there a problem of self-consistency in the qualitative discussion?

Section 4 discusses the initial stages of the eruption into the drift.  An argument is proposed
that the flow will involve a fire fountain that rapidly quenches owing to the decompression of
the magma and the inferred transition to a solid.  The report also asserts that the flow to the
surface can continue since the pressure of the overburden allows the mixture to remain liquid
while flowing up the dike.  Calculations of Woods, et al. show that the tunnel pressure rapidly
increases to the pressure in the dike; this suggests that the flow in the drift will become more
analogous to the dike flow regime at that depth rather than to a surface fire-fountain type flow. 
Also, many models of basaltic eruptions have shown that the fragmentation surface may lie
well below the ground level at depths comparable to or perhaps lower than the drift.  These
flows are at much higher pressure than atmospheric, with the flow being choked at the surface 
(Wilson and Head, 1981).  The discussion in the EPRI report is therefore somewhat difficult
to interpret.

Page 4-5 asserts the cooling in the drift is greater than at the surface.  This seems hard to
understand given that an extensive lava flow cools radiatively into the air and to the ground
below and has a very large surface-to-volume ratio.  Similarly, an airborne fire fountain has a
very large volume of cool air with which to exchange heat, as well as the radiative cooling—in
contrast, in the drift, there is only the initial volume of air and the thin thermal skin in the
wall-rock (see above) available to extract heat from the magma.
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