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Lathrop Wells cone

Looking south along the crest of Yucca Mountain, Nevada towards Amargosa Valley and Lathrop Wells
volcano to the right of the crest in the mid-background
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“The Committee should provide the Commission with an analysis of the current state of
knowledge regarding igneous activity which the Commission can use as a technical basis for its
decision making.” [SRM MO060111B, February 9, 2006]

Igneous Activity at Yucca Mountain:
Technical Basis for Decision Making

A Report Prepared b
Advisory Committee on Nucle

Eighty thousand years ago a small-volu Wells) erupted about
15 miles south of the Department of te (HLW)
repository in Yucca Mountain, Nevada. Thi [ ismi [ diate vicinity of
Yucca Mountain for a million years, b \ 0 i noes that

This report presents the Ac ittee ‘s (ACNW) summary and
: - : tory Staff (NRC) staff, and

investigatio
professional

repository. Att RM MO060111B, February 9, 2006], the Committee
has reviewed and a of knowledge regarding igneous activity, including
the range of technica eholders. This report summarizes current
knowledge of potential ig at the proposed repository site, including igneous activity

the repository performance. It also provides an

s, including the views of experts representing DOE,
NRC, the State of Nevada, and ¢ experts. The State of Nevada has not established specific
views on the impact of future igneous activity at Yucca Mountain, however, experts supported
by the State of Nevada have published several journal articles related to the probability of an
igneous event intersecting the proposed repository that are reviewed in this report.

! References to sources of information presented are excluded in the Executive Summary.
Detailed references to all specific sources of information and views on future igneous activity at
Yucca Mountain are provided in the body of this report.

2 Conclusions will be added upon completion of Conclusions Chapter (7) after review of the
results of the ACNW Working Group Meeting on Igneous Activity that will be held on February
13 and 14, 2007.
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The State of Nevada and the Yucca Mountain region are located in the Central Basin and
Range geological province (the Western Great Basin) which is noted for a complex geologic
history with tectonic activity that was initiated some 25 million years (Ma) ago and continues
today. This tectonic activity has manifested itself in at least four pulses of basaltic volcanism
during the last 10 million years. These include the ~80 ka Lathrop Wells cone, flows, and
remnants of its ejecta blanket, ~1 Ma events (Pleistocene or Quaternary) and multiple events
dated ~3-6 Ma (Pliocene-U. Miocene) and ~8—-13 Ma (Miocene) in Crater Flat adjacent to
Yucca Mountain. Other young basalts in the Yucca Mountain region include Little Black Peak
(~0.3 Ma) and Hidden Cone (~0.4 Ma), 35 km NW of Yucca Mountain. Miocene-age basalts
also occur in western Crater Flat, and as a dike complex in Solitario Canyon on the
northwestern flank of Yucca Mountain. Aeromagnetic surveys and drilling indicate that additional
basalts are buried beneath alluvium in Crater Flat and the rgosa Desert to the south. Rates
and volumes of basaltic volcanism have declined signifi ince Miocene time.

Assessment of repository performance includ n of the impact of igneous

igneous activity are: the
ous event intersecting

probability of an
the proposed repository, and the consequen to the rep03|tory an

residing nearby the repository, the “RMEI (RM

If igneous activity i are two possible scenarios for
this potential interactio e processes and
consequences for fut een these. The intrusion

scenario, involves intersecti i S i ending upward and outward
from the source : i ike could theore ally be deflected around a
repository b ' tress. In the latter case, for example, the
stress bar ng the first 2000 years after closure
could defle e evidence to the contrary it is

If a dike reaches t itory, magma would be available to flow into drifts at
osity and the rate of magma solidification as it contacts
kages, and tunnel walls. The flow rate would also be
influenced by frictional losses a e/drift interface and partial obstruction of the tunnel by
waste packages and drip shields.. DOE reports estimate that magma could fill a drift in about 5
minutes, given a dike ascent rate of 1 m/s and low viscosities between 10 Pa-s and 100 Pa-s.
Magma rising at 10 m/s could fill a drift in less than 1 minute. Recent work considering the loss
of water from the magma on approaching the surface suggests that magma viscosities could be
orders of magnitude higher than previously assumed, which would reduce the rate of magma
entry to drifts The potentially critical effects of higher viscosity magma, quenching and
solidification of magma on waste packages and drift walls have yet to be thoroughly evaluated
by DOE and NRC.

The Electrical Power Research Institute (EPRI) has analyzed plausible consequences of
magma entry into a repository. Given the possibility of higher viscosities than previously used in
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analyses, EPRI concluded that partial intrusion of magma into a drift could create three zones.
The first zone, adjacent to the dike intersection, would result in magma fully engulfing the drip
shields and waste packages. This ‘Red Zone’ would be characterized by disrupted drip shields,
thermally weakened Alloy-22, and failure of spent fuel cladding. The waste packages in this
zone would have increased susceptibility over time to the effects of groundwater moving
through the unsaturated zone. Beyond the ‘Red Zone’ would be a ‘Blue Zone,” where drip
shields and waste packages would not be inundated by magma, but would experience high
temperatures and potentially corrosive gases. Drip shields would remain intact, but failure of
the waste package outer barrier and spent fuel cladding could occur within a relatively short
time after the intrusive event. Beyond the Blue Zone would be the ‘Green Zone’ where waste
packages experience modest (<350° C) temperatures and the possible deposition of reactive
magmatic volatiles onto waste package surfaces. Waste P ges and their drip shields would
be unaltered with respect to their resistance to corrosio zone.

An alternative intrusion scenario for magma-re action has been proposed in

eruption could potentially affect a large nu a simple eruption
ability to fill the drift

quickly and re-pressurize it to the extent of nuc i along the drift, in
spite of the dike continuing to the s i ns that
secondary (flanking) breakouts of ma ion with
basaltic eruptions. Analysis of this “do iew panel that

an eruptive seg 7 i onditions. In low-viscosity basalts, the

freeze followed by mechanical and thermal
ey difference between a volcanic vent
enerally <75 m) than a dike is long (1-5
, a vent could directly intersect only one

small number of waste i i ly 1-10) entrained within a conduit during its
and the contents carried to the surface and ejected with
. The degree to which ceramic or glass waste forms
and spent nuclear fuel could be 2d to fine particulate materials in a volcanic conduit is
uncertain, particularly during the first 1000 years when the waste packages and waste forms
should still be relatively intact. The manner and degree to which the fragments would be
incorporated in volcanic tephra is uncertain, but would involve magma quenching around the
ejected debris.

volcanic debris (tephra) of va

A detailed understanding of these scenarios is needed for estimating potential radiation
doses associated with igneous activity. The largest hypothetical radiation dose from extrusive
igneous activity during the first 1000 years after repository closure would result in the largest
contribution of igneous activity to radiation dose. After that time potential doses diminish
significantly because substantial fractions of shorter-lived radionuclides will have decayed.
Waste packages should be minimally degraded during the first 1000 years and therefore would
be more resistant to igneous thermal/physical effects during that time. However, packages
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damaged during an intrusion or “dog-leg” scenario would be more susceptible to release of the
radioactive waste to ground water and eventually contamination of the water supplies of the
RMEL.

In considering the nature of the anticipated future igneous activity in the Yucca Mountain
region and its impact on the proposed repository, the DOE and NRC agree on several aspects.
This agreement is based on a study of on geologic analogs, especially those in the immediate
vicinity of the repository, and knowledge of the geological and tectonic history of the Yucca
Mountain region. Areas of agreement include the following:

Igneous events will be of similar nature to the Pleistocene volcanoes (~1 Ma) of the Yucca
Mountain region and particularly the most recent volca athrop Wells. That is igneous
events will occur as small-volume basaltic volcanoe ve effusion rates, power, and
duration similar to the Lathrop Wells volcano. The occurrence of high power and
volume and long duration volcanic events involvi h flows typical of those of

A portion of the duration of any volcani bolian activity with
plumes of ash distributed over the Yucca with the Lathrop
Wells eruption, fallout from a sustained eru t in ash falls

The DOE assumes a si [ onogenetic) volcanic event associated with each
dike approaching't contrast NRC supports the possibility of multiple vents
including the potenti uptions from a volcanic cone leading to satellite

The length of potential intruding dikes remains a matter of differing views. The DOE, on
the basis of interpretation of dikes associated with Pleistocene volcanoes in the Yucca
Mountain region, indicates that dike lengths will be of the order of magnitude of 1 km.
However, NRC considers a mean dike length of roughly 6 km with a range from 2 to 11
km to be more realistic based on dike lengths interpreted from both Pliocene and
Pleistocene igneous activity in the region.

In the event of formation of multiple dikes, DOE has considered the dikes to be of the
order of 1 to 2 m in width, while the NRC assumes a wider range from 1 to 10 m with a
mean of roughly 5 m.
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Probability of Future Igneous Activity

The volume of basaltic volcanism near Yucca Mountain has dramatically declined during the
last 10 million years such that the Crater Flat volcanic field represents a zone of low activity
compared to other volcanic fields in the Central Base and Range region. This decline suggests
that magmatic systems near Yucca Mountain are waning. Further evidence of this lies in the
declining maximum lava effusion rate and fissure length of Plio-Pleistocene basaltic activity in
the Yucca Mountain region. There are no precursory indicators that volcanic activity is likely in
the immediate future (the next few years) in the region.

Results of recent drilling on magnetic anomalies following completion of the 2004
aeromagnetic survey have not yet been incorporated into ished estimates of the probability
of igneous activity intersection of the proposed repositor ever, information from the drilling
should reduce some of the uncertainty about buried b n the region and may influence the
statistical-mathematical models used in determining . Preliminary indications are that
itory intersection by igneous

activity.

Both DOE and EPRI rely on probabi robabilistic Volcanic
Hazard Assessment (PVHA) expert elicitation . i sis is being updated
with new scientific information, but published res i i 008. In
response to NRC staff concerns, DOE |
the results of a single point sensitivity a
an annual probability of 107

and intrusive igneous processes at
07/yr analyses will provide a
ous activity, but use of a single
point value fails to cap i ility estimates inherent to a
risk-informed analysi - sugg the probability of future
volcanism may be at least & agnitude d on.temporal clustering of
volcanic activi [ ' er Flat and the Lunar Crater-
f ‘ d incorporation of new data that they
omagnetic survey.

yr to 107/yr is consistent with most
previous studies, the ocene volcanic activity (6 events in Crater Flat and
the northern Amargosa i .5 million years), and the latest drilling results which
reduce the number of ] basalts of post-Miocene age. It is significant that no
post-Miocene basalt was g magnetic anomalies in Jackass Flats. If buried
Pliocene basalts had been
zone of Crater Flat extends th
volcanism and increasing the moc
drilling indicates the opposite.

Icca Mountain significantly affecting the spatial models of
ed probability of future repository intersection. The recent

The rocks that comprise Yucca Mountain record an integrated tectonic-volcanic history since
the ~13 million year old surface rocks were deposited. No basaltic dikes have been found in the
potential repository footprint at Yucca Mountain despite more than 20 years of intensive site
characterization studies. It appears that the fault-bounded block that forms Yucca Mountain has
been a zone of relative volcanic quiescence during the last 10 million years. Since that time
volcanism has instead mainly focused within the alluvial basins to the east, west, and south,
with no evidence of post-Miocene activity (younger than ~5 million years) east of Yucca
Mountain in Jackass Flats. It is possible that dikes associated with volcanoes in these regions,
particularly Crater Flat could reach into Yucca Mountain.
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Consequences of Igneous Activity

The consequences for future radiological exposures vary significantly among the postulated
scenarios for volcanic interaction with the repository.

The extrusive event - DOE has estimated that the median number of waste packages that
would be disrupted in a volcanic eruption scenario (i.e., intercepted by a conduit) is fewer than
10. The NRC staff currently assumes that volcanic vents would have an average diameter of
~50 m. The NRC staff further assumes that if the center of a vent were to coincide with the axis
of a drift, then ~5 waste packages could be entrained within the cross-section of the conduit and
potentially transported to the surface. Neither the NRC no E evaluate magma-drift-waste
package interactions in any detail. They instead assum small number of waste
containers are completely destroyed and the entire ¢ are carried to the surface through a
volcanic conduit in a cone-forming event. However, r how or whether the Alloy-22

reduced to particles of respirable size, as curr OE and NRC staff. EPRI
has concluded, based on multiple lines of e iti i at waste packages would

the repository to the atmosphere.

The intrusive event - DOE has

damaged in a potential future.i i v . i trusion scenario shows a range of
consequences, extending ‘ kages to damage to nearly all
waste packages in the . . [ es approximately 1600 waste
packages could be i S ‘ e repository. In

value of 37 magma-

ey estimate that only 0-6 waste
C na intrusion in a waste emplacement drift. They
further estimate that 14 ould be significantly affected by heat and corrosive

flow behavior and the distance gma could penetrate a repository. The Committee
observes that previous researchers have not been consistent in their approach to estimating the
viscosity of the Yucca Mountain basalt as it ascends and degasses with approach to the
surface. There has been a tendency to assume rheological properties pertaining to both wet,
cool magmas and dry, hot magmas, leading incorrectly to the postulate of a highly explosive
system with highly mobile lavas. Therefore, previous claims of severe consequences of igneous
intersection appear to be poorly founded. The potential Yucca Mountain magma is probably a
wet, cool explosive magma with relatively immobile lavas. The Pleistocene lava flows in Crater
Flat and at Lathrop Wells demonstrate that the lavas had high viscosities and were relatively
immobile. Characteristics of these lava flows indicate viscosities orders of magnitude larger
than had been assumed in analyses of igneous interaction with a repository. These high
viscosities, along with magma solidification effects, would significantly reduce the distance that
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magma could penetrate into tunnels and thereby reduce the number of impacted waste
packages.

The so-called “dogleg” scenario refers to a hypothetical scenario proposed by the NRC staff
in which magma might rapidly fill a drift and create enough pressure to generate (at a distance
from the entry point) a secondary dike to the surface. This “dog-leg” model was analyzed by the
Igneous Consequences Peer Review (ICPR) Panel (Detournay et al., 2003), by EPRI, and by
DOE. In TPA 4.1 analyses the NRC staff assumed that a mean value of 51 waste packages
could be entrained by an extrusive event and contained in volcanic ejecta. ICPR considered the
propagation of either a magmatic or pyroclastic “dog-leg” scenario to be quite improbable, found
that the initial and boundary conditions in the model are unrealistic, but recommended further
analyses to assess the impacts of a partially coupled pyro ic flow scenario on repository
performance. EPRI concluded that their independent m results show that pressure
conditions in a repository intersected by magma woul nificantly less forceful than
postulated by the NRC staff. DOE concluded that t ® model overestimates the
violence of magma-repository interaction. Use
compressible walls and backfill, permeable co

phase separation in the
and other engineering

Remobilization — DOE has perfor S Wells to
evaluate the fraction of basalti (s & of distance from the tephra sheet.
These data indicate that : ace sediments would decrease
to about 50 percent w > ‘ inage on the eastern side of
Lathrop Wells. DOE’ . i sh-layer thicknesses and

radionuclide concentratio
factor, estimated tc \ osion rates, ash layers would
be removed z 3¢ ing itial thickness.

divide and channel interactions. Thi udes several key assumptions: (1) the climate
through much of the reg i ill be similar to today’s climate and will have relatively

al fan; (2) distributary channels in the RMEI location will
erest; and (3) eolian transport to the RMEI location can
ant when compared to fluvial transport processes.

not migrate during the time pe
be neglected because it is not si

The NRC staff has developed a sediment-budget approach to model the long-term fluvial
redistribution of basaltic tephra in Fortymile Wash that flows into the vicinity of the RMEI. Using
parameters specific to Fortymile Wash and a hypothetical eruption at Yucca Mountain, they
concluded that substantial tephra deposits can persist for more than 1,000 years in arid terrains,
even with a period of accelerated erosion after the eruption. It is estimated that ~98 percent of
the tephra deposit remains in the Fortymile Wash catchment basin after 100 years and 50
percent remains after 1,800 years. NRC suggests that the amount of remobilized tephra may
be large—even when mixed with ambient sediment—and could significantly affect airborne
radioactive particle concentrations for the RMEI. The NRC staff assumes that all contaminated
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ash that is fluvially remobilized would be deposited in an “active” fan located west of the RMEI,
but once there, no ash is permitted to leave this fan area except by wind erosion.

The Committee has observed that large floods would dominate the process of fluvial
erosion and transport and would carry contaminated ash beyond the active fan and all the way
to the Amargosa River and beyond. In the short period of historical record, two large floods in
the Fortymile Wash/Amargosa River system have reached Death Valley. The sediments most
likely to be suspended and transported long distances are the smallest particles — the same
particles of concern for respiration or ingestion.

EPRI has commented on various conservatisms used in the NRC and DOE analyses.
EPRI’'s model of ash transport modeling showed that parti smaller than 130 microns in
diameter would not be deposited at the compliance pom DOE and NRC use a
conservative assumption that all deposited material is respirable size range, although
neither NRC nor DOE discuss realistic mechanisms break down tephra in this way.

e RMEI in the extrusive
scenario. Wind transport can move radioa i m fluvial deposits as well

remobilized ash is carried and dispe
remobilized plume depends on parti
meteorological conditions. Both DOE 3
dlstrlbutlon of ash partlcles A

ir aerodynamic

ated triangular particle size

this dispersion. The i : stimating resuspension
and remobilization, but t i 5 . ns for results from this model.
Performance ass will increase the dose to the RMEI if a

volcanic eve § ithin the fi B s after closure of the repository. The
effect of a i o the RMEI dose will decrease with
time.

The uptake nce Report (FGR) 13 as a source of dose conversion
factors are widely ac ompared to earlier clearance models. Both NRC

and DOE use FGR 1

[Note: Conclusions to be adc
completion of the Igneous Act

sughout the text of the Executive Summary upon
y Working Group meeting.]

Abbreviations and Acronyms

AMAD Activity mean aerodynamic diameter [for particles]
BSC Bechtel SAIC Company LLC
CFR Code of Federal Regulations
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CNWRA Center for Nuclear Waste Regulatory Analyses (San Antonio, TX)
CRWMS M&O Civilian Radioactive Waste Management System Management and Operating

Contractor
DOE US Department of Energy
EPA US Environmental Protection Agency
EPRI Electric Power Research Institute
FEP Features, Events, and Processes
ICPR Igneous Consequences Peer Review [Panel] [Detournay et al., 2003]
NMSS [NRC’s] Office of Nuclear Material Safety and Safeguards
NRC US Nuclear Regulatory Commission
NWTRB US Nuclear Waste Technical Review Board
OCRWM [DOE’s] Office of Civilian Radioactive Wast
PVHA Probabilistic Volcanic Hazard Assessme
PVHA-U Probabilistic Volcanic Hazard Assess
RMEI Reasonably maximally exposed indi
TPA NRC'’s Total-System Performanc
TSPA DOE’s Total System Performa
USGS US Geological Survey
YMP [DOE’s] Yucca Mountain Proj

Glossary of Terms [Incomplet

aa flow ified by a rough, jagged,
rf et al., 2005]
adiabatic expansion [ uring which no gain or
- is, 1993]
aeromagne i [ magnetic field of the Earth caused by

agglomerate i emblage of coarse angular pyroclastic materials

aggrade
alluvium and, and gravel deposited during comparatively recent
ime by a stream or other body of running
euendorf et al., 2005]

AMAD activity median aerodynamic diameter; the diameter of a sphere, of
density 1 gm/cm?, that has the same terminal settling velocity in air
as that of an aerosol particle whose activity is the median for the
entire aerosol [Shleien et al, 1998].

ash (volcanic) fine pyroclastic material (under 2 mm diameter); the term usually

refers to unconsolidated material [Neuendorf et al., 2005]
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basalt a general term for dark-colored mafic igneous rocks, commonly
extrusive but locally intrusive (e.g., as dikes), composed chiefly of
calcic plagioclase and clinopyroxene [Neuendorf et al., 2005]

caldera a large, basin-shaped volcanic depression, more or less circular or
cirquelike in form, the diameter of which is many times greater than
that of the included vent or vents, no matter what the steepness of
the walls or form of the floor. It is formed by collapse during an
eruption [Neuendorf et al., 2005]

cation an atom or molecule that has lost an electron and thus acquired a

compliance period

corrosion etals or alloys due to reaction
with their enviro rated by the presence of
crustal plate ithosphere, which
ins other plates
05]
density
desert pavement fura [ ' i-polished, closely packed

desert varnish [ oating composed of iron oxide

dike trusion that cuts across the bedding or foiliation
rock [Neuendorf et al., 2005]

drift : orizontal passageway (tunnel) in the repository [Merriam-

elicitation a formal, highly structured, and well-documented process for
obtaining the judgments of multiple experts. [Kotra et al, 1996]

en echelon said of geologic features (e.g., faults or dikes) that are in an
overlapping or staggered arrangement [Neuendorf et al., 2005]

eolian borne, deposited, produced, or eroded by the wind (from Eolus, god

of the winds) [Merriam-Webster,1988]

11
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equilibrium constant a number that relates the concentrations of starting materials and
products of a reversible chemical reaction to one another [Lewis,
1993]

exsolve

extrusive scenario

fan (alluvial) a low, outspread, relatively flat to gently sloping mass of loose
rock material, shaped like an open fanor a segment of a cone,
deposited by a stream at the place where it issues from a narrow
mountain valley upon a plain road valley [Neuendorf et al.,
2005]

felsic an adjective describin s rock with abundant light

with another when in
rane. The rate of

Fickian diffusion

fluvial
geodetic data

high-level radioacti | resulting from the
including liquid waste

d any solid material derived
t contains fission products in sufficient

d reactor fuel [10CFR63.2]

igneous activity
ignimbrite : s of a pyroclastic flow [Neuendorf et al., 2005]

intrusive scenario
isothermal temperature [Lewis, 1993]

kernel function

liquidus

lithosphere the outer, relatively rigid layer of the Earth that responds to the
emplacement of a load by flexural bending [Neuendorf et al.,
2005]

lithostatic stress a state of stress in which the normal stresses acting on any plane
are equal (a term used for overburden stress in the Earth’s crust)
[Neuendorf et al., 2005]

lognormal distribution the exponential of a normal distribution

12
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mafic said of an igneous rock composed chiefly of one or more
ferromagnesian, dark-colored minerals [Neuendorf et al., 2005]

magma naturally occurring molten or partially molten rock, generated
within the Earth and capable of intrusion and extrusion from which
igneous rocks are derived [Neuendorf et al., 2005]

mantle rock

order of magnitude a range of values which begins at any value and extends to ten
times that value [Lewis, 1993]

orogeny the process of forming mountains [Neuendorf et al., 2005]

oxidation originally, a reaction in whi en combines chemically with

another substance; usa
in which electrons are
electrons is oxidiz
reduced [Lewis,

broadened to include any reaction
. The substance that loses
that gains electrons is

paleosurface

petrologic
phenocryst
plate tectonic paradigm
pyroclastic
radiation dose icte at i bsorbed dose (the amount of
i ), effective dose, equivalent
nt dose. See the definition for
leien et al, 1998]
radioactive material 3 i 0 i e radionuclide
radionuclide : ement (either natural or artificial) that

remobilization
Reynolds number
urbulent; proportional to flow velocity and density;
broportional to viscosity [Lewis, 1993]

rheology

rhyolitic

RMEI the reasonably maximally exposed individual is a hypothetical person
who (a) lives in the accessible environment above the highest
concentration of radionuclides in the plume of contamination; (b) has
a diet and living style representative of the people who now reside in
Amargosa Valley, Nevada. (c) uses well water with average
concentrations of radionuclides based on an annual water demand of
3000 acre feet; (d) drinks 2 liters of water per day from wells drilled
into the ground water at the location specified in (a); and (e) Is an
adult [10 CFR 63.312]

scoria

13
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sedimentary

seismicity

spent fuel cladding the outer jacket of nuclear fuel elements which contains and
supports the fuel material, protects the fuel, and prevents the release
of fission products into the reactor coolant [OTA 1985]

stratocone volcanoes

Strombolian

subduction

tectonic event

tephra

tomographic methods a method for finding the velocity and reflectivity (or other physical
properties depending on the typ geophysical observations)
distribution from a multitude ations using combinations of
(seismic) source and recei tions (Sheriff, 1991)

total effective dose equivalent the sum of the [ r external exposure and the
committed effectiv [ internal exposure. The dose
equivalent is th se, quality factor, and all
other necessary ion of interest. The
from an intake of
ing the intake.

TPA nt of the proposed repository.

s which (1) Identifies the

TSPA ance assessment of the proposed

viscosity i esistance to flow exhibited by a fluid [Lewis, 1993]

volatile t or compound that has a vapor pressure equal to or

an 0.1 mm Hg that is not a gas at ambient temperatures
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List of Figures

Figure 1.1 a False color Landsa ge shows local geographic features and Plio-Pleistocene
(last 5 million years) volcanic centers near Yucca Mountain and the proposed high-level waste
repository. The location of this image is shown in Figure 1.1b. [After O’Leary et al., 2002]

Figure 1.1 b Location map of Figure 1.1a shown in green in south-central Nevada and adjacent
California. [After O’Leary et al., 2002]

Figure 1.2 a Logic chart of components involved in determining the definition of the nature of
possible future igneous events at Yucca Mountain.

Figure 1.2 b Logic chart of components involved in determining the probability of future igneous
activity intersecting the proposed Yucca Mountain HLW repository.
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Figure 1.2 ¢ Logic chart of components involved in determining the consequences of an
intrusive event intersecting the Yucca Mountain HLW repository.

Figure 1.2 d Logic chart of components involved in determining the consequences a volcanic
event intersecting the Yucca Mountain HLW repository.

Figure 1.3 The prediction of the basaltic volcanism in the Yucca Mountain region during the time interval 4 to 2
Ma based on the occurrence of volcanism in the region during the prior 2 Myr (6 to 4 Ma). Basaltic volcanism
during the period of 6 to 4 Ma is shown in green. [After Crowe, 2005]

Figure 1.4 The observed basaltic volcanism in the Yucca Mountain region during the time interval 4 to 2 Ma
based on the occurrence of volcanism in the region durin rior 2 Myr (6 to 4 Ma). Basaltic volcanism
during the period of 4 to 2 Ma is shown in green and m anomalies in Amargosa Valley that are
interpreted to have a source in basaltic volcanism duri time interval are shown by green stars. [After
Crowe, 2005]

Figure 2.1 Timeline of events in the Yucca i igneous activity and
geological periods of time.

Figure 2.4 (Top) Interp ; seismi rater Flat and Yucca
i j f rock units in gm/cm®.

Figure 3.1 Conceptu i ) ity. Magma rises via dikes (left) leading to effusion
of magma fountains alc [ at reach the surface (center) and finally to
focusing magma eruptio sulting in a volcanic cone (right). [After Valentine, 2006)

Figure 3.2 Inferred eruption eve e Lathrop Wells volcano. a) and b) are respectively
simplified cross-sections and plan views of the early stage of eruption and c) and d) illustrate the
later stage of eruption with cone building dominated by fallout (c) and effusion of the eastern
lava field (d). [After Valentine et al., 2005]

Figure 3.3. Schematic depiction of the anticipated repository tunnel (drift) containing waste
packages within Yucca Mountain.

Figure 3.4 Identification and linkages of abstractions in the igneous intrusion scenario of DOE’s
TSPA. [After Valentine, 2006]
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Figure 3.5 Schematic of the steady flow geometry that may enable a steady basaltic eruption to
develop (dog-leg scenario: a) with flow along the original dike; b) with magma being diverted
along the drift before surfacing along a new fissure; and c) with magma being diverted along the
drift and into the main access drift from where it vents to the surface. [After Woods et al., 2002]

Figure 3.6 ldentification and linkages of abstractions in the eruption scenario of DOE’s TSPA.
[After Valentine, 2006]

Figure 3.7. A contour plot illustrating the expected tephra dispersion for eruption and
meteorological parameters listed in Table 3.1. The plot coordinates indicate location of the
deposited material with respect to the eruption site. The vertical axis is in a northerly direction;
the horizontal axis, easterly. The numbers refer to univers nsverse Mercator UTM grid
locations; units are meters. From
http://www.cas.usf.edu/~cconnor/parallel/tephra/teph

Figure 3.8 Schematic diagram of processes inv

Figure 3.9 Resuspended fraction of deposi
equation for long-term resuspension. Graph
carried 20 miles by wind.

gh et al. (2002)
nded material that is

ion. Letters and numbers
t possible buried basalts.
23P) has detected basalts.

are magnetic anomalie
Drilling at “A”, “B”, “D”, *

old cinder cone oking northeast from Steve’s Pass at the southern
margin of Crater Fle in i he far horizon at right side of image. (C). Little

a dike of Pliocene age in southeastern Crater Flat.
e-aged Black Cone. Between Black Cone and the
ts of two Pliocene vents (conduits).

The distant cone at center is
figures at right are the eroded re

Figure 5.4 High-resolution aeromagnetic anomaly map and locations of holes (solid white
circles) drilled to determine if the magnetic anomalies are derived from basalts. Solid red circles
indicate selected pre-existing drill holes that provide key constraints on the location of buried
basalt near Yucca Mountain. Qb=Quaternary basalt, Pb=Pliocene basalt, Mb=Miocene basalt.
[After Perry et al., 2005 and Perry et al., 2006]

Figure 5.5. Estimated extension rates in Crater Flat basin as a function of time and magma
volume erupted as a function of time. [After Fridrich et al., 1999]
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Figure 5.6 Age vs. volume of Plio-Pleistocene volcanic episodes in the Yucca Mountain region.
Figure includes buried Pliocene basalts in the northern Amargosa Desert. The diameter of the
circles is proportional to volume. The dot at far lower right represents Lathrop Wells. The dot to
its left represents Sleeping Butte. The small circle at 1.1 Ma represents the five Pleistocene
cones of Crater Flat. [After Perry, 2006]

Figure 5.7 Plot of fissure length (lines) and lava effusion rate (dots) for Plio-Pleistocene
volcanoes of the Southwestern Nevada Volcanic Field. Note that age determinations do not
allow discrimination of relative ages amongst the five Pleistocene volcanoes in Crater Flat,
therefore they are plotted in random order around 1 Ma. The eruptive products of SW and NE
Little Cones are largely buried by alluvium and mapped by aeromagnetic anomalies [Valentine
et al., 2006]; their volumes are lumped together in this plot er Valentine and Perry, 20006]

Figure 5.8 Age and distribution of Pliocene-Pleistoce tic volcanoes in Crater Flat-Lunar

Crater zone (CFLC). [After Smith et al., 2002]
Figure 5.9 Time-event plot showing episodic i e Crater Flat-Lunar Crater

zone. [After Smith et al., 2002]

the volcanic even in 350 realizations [ ive i ctivity to the
total dose, weighted by an annual probab fter Mohanty
et al., 2004, p. 3-84].

Figure 5.11. Comparisa € imate of future volcanic intersection

Figure 6.1 Schematic dep olcanism and the underlying
i olatiles saturates and vesiculates with

approach pressure. In essence the magma gets
the ‘Bends o fragmentation of the magma and
the explosive for each stage are the governing
magma Vviscosi ed for each stage of the eruptive process. Notice the

e volcanic cone and an ash plume. (B) The later stage
ding magma has progressively degassed with

is dominated by the extrusion of highly viscous,

g from the basal area of the cone.

ash production leading
of Cinder Cone eruption
approach to the surface and
sluggishly moving lava flows e

Figure 6.2 Relative viscosity as a function of capillary number (source: B. Marsh).

Figure 6.3 Viscosity (1) as a function of crystallinity (®). [After Mooney, 1951; Roscoe, 1952;
Gay et al., 1969]

Figure 6.4 Magma phase diagram showing change in viscosity (u) as a function of temperature.

Figure 6.5 Phases in a volcanic eruption column showing the three regimes (wet magma, water
saturated bubbly magma, and particulate-laden gas) and associated phase equilibria diagram
for Lathrop Wells basalt.
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Figure 6.6 Phase diagram for Lathrop Wells basalt under dry and wet conditions. [After Marsh
and Coleman, 2006]

Figure 6.7. Magma viscosity calculated at 1150° C during near-surface ascent and degassing
[After Detournay et al., 2003].

Figure 6.8. The solubility of volatiles in magmas is a function of temperature, pressure, and the
compositions of the liquids and gases. This diagram shows the solubility of water in basaltic
magma as a function of water pressure at 1100 deg. C. The pressure of another gas, such as
carbon dioxide, would decrease the solubility of water. At earth surface conditions (pressure =

1 bar) the solubility of water is virtually zero (vertical axis of diagram is marked in kilobars) [After
McBirney, 2007].

Figure 6.9 Radial extent of the Lathrop Wells, Nevad Id as a function of the duration of

the flow event. The observed flow extent is about

Figure 6.10. Schematic of zones of intrudin
engineered barrier system (EBS). Magma
Zone,” with significant thermal/chemical effec
effects on the EBS are assumed for the “Green

spaces in the “Red
“Blue Zones.” No
igure ES-1)]

Figure 6.11 Schematic cross-section , a Pliocene
(3.7 Ma) basalt volcano. The degree of f scoria increases up-section and
grades into dense basalt o A-U Field Trip Guidebook, May

ile Wash drainage system.
The Pleistocene d in hg 1 . o Projection: Universal
Transverse M . [A Hooper, 2005 (Figure 3-1)].

active part of the Fortymile Wash

. fan is 24 + 2 km? [9.3 + 0.8 mi?]. Map
projection: Universa lor Zone 11 North, in meters.
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Table 3.1 Input parameters for the Suzuki model example shown in Figure 3.7. Values for all
input parameters are supplied by the analyst using the code.

Table 3.2 Summary of computed values of mass interception fractions of fallout from nuclear
tests at the Nevada test site [After Anspaugh et al., 2002].

Table 5.1. Summary information for completed PVHA-U drill holes (footnotes are interpretations
presented by Perry et al., 2006).

Table 5.2. Previous Confidence Rankings for Anomalies Now Re-interpreted with Data from
PVHA-U Drilling and Dating. [After Hill and Stamatakos, 2002]

21



957

958
959
960

961
962

963
964
965
966
967
968
969
970
971
972
973
974

Table 5.3 Summary of Published Positions on Probability of Igneous Activity.

Table 6.1 Summary of the impacts on waste packages and specifically containment and
controlled-release functions of barriers, for each of the three zones for the expected intrusive-
release variant case. [After EPRI, 2005).

Table 6.2. Peak discharges at stream gauges along Fortymile Wash [from Table 1-2 of Hooper,
2005, which was based on data from CRWMS M&O (2000a) and Tanko and Glancy, 2001].

Table 6.3. Estimated peak discharges along stream channels of Fortymile Wash at Yucca
Mountain.
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Igneous Activity at Yucca Mountain:
Technical Basis for Decision Making

A Report
Prepared by the
Advisory Committee on Nuclear Waste, US NRC

“Given for one instant an intelligence whi
by which nature is animated and the respecti
an intelligence sufficiently vast to submit t|

same formula the movements of the gre i e and of the lightest atom;
for it, nothing would be uncertain and , , be present to its eyes.”

comprehend all the forces
the beings who composed it —

1. Introduction

(Figure 1.1 a), erupted ab : 7 rgy’s (DOE) proposed

high-level waste (HLW) is was the first volcanism in
the immediate vicini > i one of a series of infrequent
basaltic vol r i he proposed repository site during the

Staff (NRC) sta 3, likelihood and potential consequences
of future igneous activi cca Mountain repository.

hypothetical igneous activit
part of the assessment of the
has resulted in a spectrum of legit
igneous activity.

ountain site. Uncertainty in the results of these studies
ate professional views regarding the potential impact of

® Italicized words are included in the glossary.
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assessment uses the ris i L ¢ the risk triplet for igneous
the probability of an

> stored high-level radioactive
waste (HLW i ia S dose to the reasonably maximally

ing i e near vicinity to Yucca Mountain. A
review and
this report.

This report respond
Commission as described
2006:

g charge from the U.S. Nuclear Regulatory
2quirements Memo (M060111B) dated February 9,

“The [ACNW] Committee should provide the Commission with an analysis of the current
state of knowledge regarding igneous activity which the Commission can use as a technical
basis for its decision making.”

Igneous activity describes processes associated with the origin, nature, transport, and
solidification of molten rock, or magma. Magma comes from rock melted in the Earth that may
rise to the surface because of the net effects of gravitational forces and gas pressure. Rising
magma may solidify at depth to form intrusions or may breach the surface to form volcanoes.
Volcanic and intrusive activity is restricted to regions that are actively undergoing sub-crustal
dynamic or tectonic processes, and the location of the proposed DOE HLW repository at Yucca
Mountain occurs within such a region Risks to health may arise if people are exposed to
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radioactive materials from the repository during volcanic activity, by resuspension of deposited
material, or by premature release to groundwater of radionuclides from waste packages
damaged by magma entering into the proposed repository. As a result, the DOE has conducted
extensive studies over the past few decades to evaluate the potential risk from igneous activity
at the Yucca Mountain site and surrounding region. Other interested parties including the
Nuclear Regulatory Commission (NRC) also are evaluating the risk from igneous activity.

Evaluation of hazards and risk from igneous activity over periods of thousands of years or
more is a major challenge to the scientific community. Such an evaluation has been the subject
of only limited investigation prior to the need to assess the long-term performance of the
proposed HLW repository. Understanding the processes and precursor events leading to
igneous activity at any specific location is rudimentary exc or near-term events at existing
volcanoes. Longer-term quantitative predictions, as req he case of the HLW repository,
have been made only in recent decades using primari abilistic techniques based on past
igneous events of the region. However, procedures nting predictions and the nature
ere are limitations in data and
with attendant
of infrequent, low-

experimental evidence. This leads to varying
uncertainties and variations in hazard esti
volume basaltic volcanism, as in the Yucca

articularly in the
tain region.

pliance period have been the subject of extensive
investigations and i variati professional views.

During the past fe ificant'progress has been made in determining the
technical bases for predicting ri an igneous event at the HLW repository. Accordingly,
e range of the technical bases for making decisions
regarding the potential doses sous activity, including the nature and probability of
igneous activity intersecting the repository during the mandatory time of compliance, the
potential consequences of this interaction, and hypothetical radiation doses based on the
currently available information.

EPA and NRC regulations pertaining to the proposed Yucca Mountain HLW repository
specify that assessment of the performance of the repository provide reasonable assurance that
the EPA dose standard will be met throughout the time of compliance. Performance assessment
is used for the quantitative evaluation of the repository. It is a probabilistic methodology that
incorporates the uncertainty in the scenarios, models, and parameters and involves repeated
calculation of the performance of the repository (“realizations”) using samples of the input
parameter distributions. Cumulative distributions of the results are compared to the standards
established by EPA for the repository.
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Assessment of the potential risk from a geologic repository for high-level waste is based
on the quantitative evaluation of the answers to the risk triplet (Kaplan and Garrick, 1981;
Garrick and Kaplan, 1995): What can go wrong? How likely is it? What are the consequences?.
In practice, the product of probability and consequence that is calculated for each scenario
constitutes a realization in performance assessment. In this report the technical basis for
decision making regarding the impact of igneous activity on the proposed Yucca Mountain
repository is centered on the risk triplet.

1.3. Scope of Report

This report reviews the technical bases for making d
igneous activity that could occur at the proposed Yucca
over its prescribed time of compliance. Accordingly, t
post-closure period of the repository after the under

ions regarding the risk from

in high-level waste repository
e of this report is limited to the
sitory has been sealed off from
e indicated, by the risk from

igneous activity during the 10,000 years followi
been considered in the majority of existing i

The Environmental Protection Agency’s (EP ards for the Yucca
Mountain repository (EPA, 2005) prescribe tha ents, and
processes (FEPs), which includes ig 0 years following
repository closure as had been detaile A, 2001). This
is incorporated into the proposed changes RC, 2005b) based onthe EPA’s
assertion that data and mode assessment for the first 10,000

years provide adequate ) j d of geologic stability and limits
uncertainties associate ati i i

positions taken by DOE, NRC, and other
abiIity, and impact of igneous activity

(EPA) standards or NRC regulations. Every

itions and issues. The State of Nevada has not
Ire igneous activity at Yucca Mountain, however,
da have published several journal articles related to the
probability of an igneous e ng the proposed repository that are reviewed in this

report.
1.4. Content and Organization of Report

Chapter 2 is a brief review of the geologic history of the Yucca Mountain region which
serves as the basis for presentations in subsequent chapters on the nature of future igneous
activity and the likelihood of its occurrence. Figures in this chapter show the geographic location
of various geologic features treated in subsequent chapters.

Chapter 3 presents an overview of the principal processes involved in igneous activity.

Knowledge of these processes is fundamental to understanding the potential igneous activity at
Yucca Mountain and its impact on the repository and the potential radiation doses to the RMEI
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as defined in the EPA standards for Yucca Mountain (EPA, 2001). Additional background is
available from cited references.

Individual chapters (Chapters 4, 5, and 6) of this report present a review of the state of
knowledge available in documents and published materials of interested parties regarding the
nature, likelihood, consequences, and doses from potential igneous activity in the context of the
risk triplet questions.

The essential components involved in answering each question are shown in the logic
diagram of Figure 1.2 a, b, ¢, and d, a modification and expansion to include consequence
effects of a figure originally published in Crowe et al. (2006) The oval shapes in the figure are
uncertain elements of the logic flow and are treated probabilistically, while the rectangular
shapes are decision parameters that have been determi er subjectively or by general
agreement of the engineering and scientific communi old ovals are conditional
parameters that are convolved (multiplied) to deter ormance assessment dose
probability as a function of time which is compar s of the repository and the
irregular hexagon is the performance assess

Figure 1.2 a Logic cha
possible future igneous ev

d in determining the definition of the nature of
Mountain.
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1180  Figure 1.2 c Logic chart of components involved in determining the consequences of an
1181 intrusive event intersecting the Yucca Mountain HLW repository.
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Figure 1.2 d Logic chart o

This report has been prepared by members and staff of the ACNW assisted by a
consultant who is an expert on igneous activity. An initial draft of the report was sent to the
NRC, DOE, the State of Nevada and other germane stakeholders as well as a group of external
experts in related disciplines for their review and comment. A list of recipients invited to
comment on the draft report is given in Appendix B. Subsequently, the stakeholders were
invited to a working group meeting convened by the ACNW to permit them to discuss their
views on igneous activity at Yucca Mountain and provide them with an opportunity to
recommend appropriate revisions to the report. Specifically, stakeholders were requested to
address the following questions:
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o Does the ACNW report address the risk-significant topics related to igneous activity
at Yucca Mountain?

o Does the report capture the range of views of the interested parties with respect to
the technical bases for decision making on these topics including definitions of
volcanic events, geologic periods of interest in predicting probability, igneous activity
probability, magma/drift interaction leading to both extrusive, intrusive scenarios,
potential consequences for the risk from a high-level waste repository, etc? If not,
the positions detailed in the report will be clarified from published position papers in
the final ACNW report.

Additionally, at the working group meeting a group of
aspects of igneous activity provided an overview of the
making on igneous activity at Yucca Mountain and a
relevant volcanic features, events, and processes.

inguished experts on the various
ges facing technical decision

ion of the status of knowledge of
also participated in a panel

. views on volcanism

There are se i e report and its conclusions that limit the technical
bases for decision maki ing tivity. These include:

affect the probabili onsequences of igneous activity are not final. For
example, there is & o decision on the maximum temperature that the
repository will be allowed to attain. This decision will affect the distribution of waste
packages and the areal size of the repository, both important parameters in
establishing the probability and consequences of igneous activity. Pending
decisions about backfill of the drifts, the alloy to be used in construction of the
waste canisters, and the use of an inner canister also are important to the effects
of igneous activity.

¢ The DOE and the NRC continue to conduct studies that relate to the probability
and effects of igneous activity. DOE, for example, is currently in the process of
updating the 1996 Probabilistic Volcanic Hazard Analysis (PVHA — U) expert
elicitation using data from new geosciences investigations. Several reports are
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1254 anticipated from the DOE during the first half of 2007 that specify the technical

1255 bases for their positions on various aspects of igneous activity. NRC is in the

1256 process of conducting investigations and developing views on a variety of igneous
1257 activity issues and thus they have not been reported on. Examples are the studies
1258 of eolian (wind) redistribution of contaminated ash to the vicinity of the RMEI and
1259 the interaction of magma and the repository and waste packages.

1260

1261 e Many process models are incorporated into the performance assessment of

1262 igneous activity at Yucca Mountain, but few of these models have been validated
1263 with realistic data or simulations. Accordingly there are limitations in the confidence
1264 that can be placed in the results of the analyses. For example, the volcanic models
1265 used to determine the hazard from basaltic v ism are largely determined from
1266 past volcanic events of the region, but predi f basaltic volcanism over several
1267 time slices within the past 10 million yea Yucca Mountain region (Crowe,

1268 2005) using previous volcanism and th
1269 predictive tool were not notably su
1270 clusters of volcanoes or volcanic ithin the region over the
1271 period of the time slice. Figur: owe’s prediction of
1272 volcanism between 4 and 2 Ma tic volcanism in the
1273 Yucca Mountain region between ism observed from
1274 this time period is shown in Fi . in this figure the

tructure of the region as a

1275 actual volcanism (result Itic volcanism
1276 of the previous 2 million y
1277 P
6 to 4 Ma
MNext Prediction Round
AP E™N
1278 R
1279
1280 Figure 1.3 The prediction of the basaltic volcanism in the Yucca Mountain region during the time interval 4
1281 to 2 Ma based on the occurrence of volcanism in the region during the prior 2 Myr (6 to 4 Ma). Basaltic
1282 volcanism during the period of 6 to 4 Ma is shown in green. [After Crowe, 2005]
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Figure 1.4 The observed basaltic v i Mountain region during the time interval 4 to 2
Ma based on the occ [ i ing the prior 2 Myr (6 to 4 Ma). Basaltic
volcanism during th d magnetic anomalies in Amargosa Valley
that are interpret this time interval are shown by green
stars. [After Crowe,
o a Mountain published in professional

eer review. As a result, the data and
owever, subsequent studies may

the Yucca Mountain region which has
) understanding and predicting potential seismicity and
)n. Geodetic observations prior to the mid-1999 that

at intervals showed ain of an order of magnitude greater than indicated by
geologic observations which reflect mean long-term strain rates (Wernicke et al.,
1998). This led Wernicke et al. (1998) to conclude that hazard analysis may be
underestimated by an order of magnitude. However, follow-on investigations
suggest that these results may be in error (Savage et al., 1999) or represent a
geologically recent spike of increased crustal strain (Connor et al., 1998; Wernicke
et al., 2004). Subsequent GPS studies in the Yucca Mountain region are based on
continuous observations which enhance the data quality. They suggest that the
earlier strain rates may be too high by a factor of roughly two (Wernicke et al.,
2004).
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e Preclosure igneous activity is not considered in the report. Although the unlikely
probability exists that igneous activity could occur during the preclosure period of
the repository with its resulting impact upon waste stored on the surface for aging
purposes and emplaced in drifts of the repository as well as on workers and
surface structures, systems, and components at the repository, there is no
evidence from precursor indicators that imminent igneous activity is likely over the
short span of the preclosure period (100 years). DOE (1999) in its preclosure event
prevention strategy is designing preclosure structures, systems, and components
to withstand bounding igneous events, but the NRC (2005a) has pointed out the
lack of consideration of tephra and ash falls which could impact the roof loads and
effects on ventilation and filter systems. Consideration of igneous activity has been
the subject of investigation only in a limited m r by the NRC (2005a).
Accordingly, the scope of this report is limi e post-closure period of the
repository after the underground reposit been sealed off from the surface.

Understanding and predicting the r hout the lifetime of the
proposed Yucca Mountain repository has be g topics of the
characterization of the repository site. Accordin | bases for making
decisions on igneous activity has be J e U.S. Nuclear

Waste Technical Review Board (N E [ [ gram at
regular intervals and the U.S. NRC’s p in i tivity has held the interest of the
Advisory Committee on Nu i ption of the Committee. The
igneous activity program i garding the results of the

The ACNV mission with its observations
and recom ivity since 1989. These letters have dealt with
i 5 activity studies, the significance of
accurate isotopi i basa he Yucca N region to the estimation of the
probability of fu [ importance of minimizing uncertainties in the results of
the studies, and d approach to igneous activity studies. In addition,
the Center for Nucle ~ ses (CNWRA), the laboratory supporting the
NRC staff's repository analysi onducted external previews of the Center’s
igneous activity studies. ave made specific recommendations regarding topics

The DOE’s igneous activity study program, supported by personnel from the U.S.
Geological Survey and Las Alamos National Laboratory, has been complemented with external
peer review panels. In 1996 the DOE completed a two-year expert elicitation, the Probabilistic
Volcanic Hazards Assessment, which established the probability distribution of the annual
frequency of intersection of the proposed repository by volcanic activity on the basis of ten
experts following the guidelines for expert elicitations set forth in NUREG 1563. This elicitation
is being updated (Probabilistic Volcanic Hazards Assessment — Update) taking into the account
the considerable amount of new geosciences information about igneous activity at the proposed
repository. Support for this new elicitation came from the DOE’s external Igneous
Consequences Peer Review (ICPR) Panel (Detournay et al., 2003) which was constituted to
review the potential consequences and effect upon risk due to an igneous intrusion intersecting
the proposed repository. A major emphasis of this panel, which released its final report in 2003,
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was to review the interaction between the intruding magma and the repository drifts and to
recommend studies by the DOE that would reduce uncertainties in the overall igneous activity
program. The results of these reviews have brought knowledgeable, fresh insight into the
program.

The Nuclear Waste Technical Review Board (NWTRB) reviews the DOE studies on
igneous activity on a regular basis. The NWTRB has reported the results of these reviews and
suggestions for further studies in regular reports to Congress and letters to the DOE Office of
Civilian Radioactive Waste Management since 2000 (NWTRB 2001, 2002, 2003, 2004).

2. Brief Geologic History of the Yucca Mountain Region

The geologic history of the Yucca Mountain regi
development (tectonics) and history of volcanic acti

ding both its structural
foundation for understanding

region has a direct impact on the magma so ific location of volcanic
activity. As a result the nature of tectonism i icti obablllty and nature of
volcanism. As stated by McKague et al. (200 ns of tectonic models
on the probability of occurrence of a volcanic er Yucca Mountain

“For volcanism to occur, the physice iti mation must
exist at some depth, and a path : i etween this magma source and the
earth’s surface. Both the ) ith the style and frequency of
igneous activity are ally, the in situ stress state

In additio i y m icti re volcanism in the Yucca Mountain
region is o » ; : : i tant part of the geologic history of the
region. A i [ he tectonic and igneous activity history
of the region e to cover comprehensively in this report
but useful rece hat contain critical references have been prepared by
Crow et al. ( S (1 Leary (1996), Grauch et al. (1999), and McKague

et al. (2006). i Mountain region is illustrated in Figure 2.1.
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1399 ountain region related to igneous activity and
1400
1401
1402 ca Mounta gion are located in the Central Basin
1403 S n Great Basin) which is noted for topography
1404  consisting of genera i Iternating elongate valleys (basins) and mountain
1405 ranges that extend into adj tinue south into northwestern Mexico (Figure

1406  2.2). The geological histo
1407  illustrated in the general gec

is long and complex with periods of tectonic activity, as
the region (Figure 2.3). The area was last subject to
1408  mountain building during the orogeny that occurred as a series of tectonic pulses
1409  separated by quiescent periods, about 70 to 40 Ma*. The Rocky Mountains, with generally
1410 easterly-directed thrust faults and folds that extend from Alaska to northern Mexico, originated
1411  during this orogenic event. The mountain building episode was caused by collision of a crustal
1412  plate off the west coast with the North American plate. The western plate was subducted

1413  beneath the North American plate at a low angle resulting in the broad zone of mountain

1414  building observed in the western United States. The sedimentary and igneous rocks that form
1415 the base of the volcanic rocks in the Yucca Mountain region were complexly faulted and folded
1416  during the Laramide and earlier orogenies.

1417

* Ma is the abbreviation for age in millions of years, Myr is the abbreviation for a duration of time in millions of
years.
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Figure 2.2 Elevation map of the southwestern United States showing the position of Yucca
Mountain and major geologic, structural, and topographic features. [After McKague et al., 2006]
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Figure 2.3 Geological Map of the Yucca Mountain Region. [After Valentine et al., 2006a]
The Basin and Range province is an active extensional region within the North American

western Cordillera. It is named for the topographic manifestation of the most recent mode of
extension which consists largely of block faulting with normal faults typically dipping at a steep
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angle to the west. The current tectonic activity within the region is indicated by its high heat flow,
seismic activity, recent basaltic volcanism, thin crust, and observed strain rates. Unlike most rifts
that have undergone normal faulting and lithospheric extension, the Basin and Range province
is very broad, reaching a width of more than 900 km. Extension commencing about 25 Ma ago
resulting in a variable amount of stretching across the region with an average total extension of
approximately 100%. Relatively small magnitude extension in the Yucca Mountain region of the
Central Basin and Range from approximately 13 to 10 Ma produced the steep (~ 60°) normal
faulting that results in the characteristic Basin and Range topography with the ranges such as
Yucca Mountain and basins such as the adjacent Crater Flat and Jackass Flats (Figure 2.4).
The Crater Flat structure as shown by the geophysical interpretation in Figure 2.4 extends from
Bare Mountain to the east of Yucca Mountain into Jackass Flats. The cause of the extension is
uncertain, but it is thought to originate from the Pacific Plate‘'moving northwest relative to the
North American Plate. This same force created the San s fault. Other forces may be
involved, including those related to the movement of h American Plate over the
spreading center associated with a plate to the wes vidence that an early stage of
extension may have occurred at the end of the as a result of gravitational
collapse of an overthickened crust followed b reading of the continental
crust associated with disintegration or stee ubducting oceanic plate.

of the plunge of
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Figure 2.4 (Top) Interpretation of seismic reflection profile across Crater Flat and Yucca
Mountain. (Bottom) Gravity model along seismic profile with density of rock units in gm/cm?®.
[After Brocher et al., 1998]

In addition to the late-stage normal faults, several other types of faulting have occurred
in the region. Low-angle normal faults that occur in isolated locations represent an earlier stage
of extension, but their origin remains controversial. The Yucca Mountain region is a complex
structural belt resulting from its location in the transition between the Walker Lane, which lies on
the eastern margin of a distributed shear zone, the Eastern California Shear Zone (Figure 2.2),
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that extends north-northwest from the southeastern corner of Nevada, across Nevada, and into
California, and the Basin and Range province to the north and east. The Walker Lane structural
feature, dating back a few tens of millions of years, is characterized by north-northwest striking
right-lateral displacement and north-northeasterly directed left-lateral displacement faults and
consists of an assemblage of independent structural units. Its origin lies in distributed shear
forces arising from movements in the continental crust to the west. Both normal faults of the
Basin and Range province and the shear faults of the Walker Lane are prominent in the Yucca
Mountain region.

Several tectonic models have been proposed to explain the origin of the structures of the
Yucca Mountain region and to assist in extrapolating those features into the subsurface. It is
their subsurface extent and orientation that have a signific ole in relating them to volcanic
and seismic activity. The models can be classified into t ups based on the principal
mode of deformation that is incorporated into their ex n: extension, shear, and volcanic.
This is not surprising because of the overlap in the ear deformation associated with
the Walker Lane, the extensional forces promin d Range province, and the
massive intense volcanism 11 to 15 Ma ago. . recognize eleven viable
models and present a description of and th odels employing the

al., 2006 [Table 6.1]) that the activef [ ntified with the
shear models are of concern for the occ i ivity i ountain region

faulting. The widespread iy 3Si ge province is well
summarized b ‘

region. The sourc s is largely from the melting of crustal rocks as a
result of heat from t | nto the lower crust. The felsic rocks are the result
of collapse of caldera iC mé bers causing immense flows of hot ash

p Yucca Mountain. These rocks which have been

al faulting and shear faulting of the Walker Lane make
both welded and unwelded tuffs. The welded tuffs are
ot state that the ash particles welded together.

up the repository rocks. They ¢
ash flows deposited in a sufficie

During the period from about 9 to 11 Ma the felsic volcanism in the Yucca Mountain region
transitioned to mafic (basaltic) magmatism. At least four known pulses of basaltic volcanism
have occurred [DOE, 2003] in the Yucca Mountain vicinity. These include the ~80 ka Lathrop
wells cone and flows, ~1 Ma events (Pleistocene or

40



1509
1510

1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523

{ =~
-~
Gelditeld N
~ Morthermn Nellis Alr Force Base
' S~ St
‘ Bombling and Gunnery Range
! Stonewall £
! . Mountain \\
i Caldera ~ — 3730
— & Complex .
4 A S
o A}
i Sllent Canyon 1
Cald: L)
~~  Southwestern Black Mourtain e~ A
rd
. \ Caldera - 4 \ \\
4 it
\ Nevada \P. € L \\
v \‘ Inier I :
- . 1
' \ Volcanic — Mesa { .
e\ ) .( A Yucca i
\‘ ~. Field Timber Mour!ta\ln - Reaurgent Flat "

- N “
oa.si:\ullsy —_ Dome

L]
Caldera Eomple! - 3706
= vy

Site

Ly = -
:\_‘ Bullfrog Ctalm Canyon ﬁl ‘tu
‘\ Min  Beatty Cauldron Segment _=I ‘s
N —_——— : 1z
-, - H
L £ .
~ Vs
Y
. 1
Ay
O . l

| Mevada //e-p "~ —~ 3630
N .,
NS
A‘o O
‘P,b'?
o S0 KWOMEYERS 7o~ N
; ! ! ' ! 1|s MILES \
‘-\ O Pohrump
Figure 2.5 The limit m Wa Volcanic Field (from Byers et al., 1989)
indicated by the dashed li Icanic calderas have been identified as the sources of

ield. The caldera is no longer generally recognized
(Crowe et al., 1995). [After 1995]

Quaternary®) in Crater Flat, and iple events dated ~3-6 Ma (Pliocene-U. Miocene) and ~8—
13 Ma (Miocene). Other young basalts in the Yucca Mountain region (YMR) include Little Black
Peak (~0.3 Ma) and Hidden Cone (~0.4 Ma), 35 km NW of Yucca Mountain Large exposures of
Miocene basalts occur in Jackass Flats, at Dome Mountain in the Timber Mountain caldera, and
in proximity to the Black Mountain caldera. Miocene-age basalts also occur in western Crater
Flat, and as a dike complex in Solitario Canyon on the northwestern flank of Yucca Mountain.
All of these occur within the Southwestern Nevada Volcanic Field (Christiansen et al., 1977;
Grauch et al., 1999) which is the site of intense episodic, voluminous magmatism and variable
intense extension over the period from 17 to 9 Ma and subsequent waning basaltic volcanism

® The Pleistocene Epoch and the Quaternary Period are used synonymously in this document and much of the
literature on igneous activity of the Yucca Mountain region for the time period between 11.5 ka and 1.75 Ma.
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(Figure 2.5). It covers an irregular area with a radius of roughly 50 km generally centered on the
Timber Mountain Caldera Complex immediately north of the proposed repository.

Rates and volumes of basaltic volcanism have declined significantly since Miocene time
[DOE, 2003]. Magnetic surveys indicate that additional basalts may be buried beneath alluvium
in Crater Flat and the Amargosa Desert [Stamatakos et al., 1997; Connor et al., 2000; O’Leary
et al., 2002; Hill and Stamatakos, 2002; Perry et al., 2005]. Basaltic rocks have an intense
magnetization in contrast to the alluvial sediments of the basins and, thus, are readily mapped
by anomalies in the normal earth’s magnetic field. The magnetic variations (anomalies) resulting
from buried basalts may be either positive or negative depending on the polarity of the Earth’s
magnetic field at the time the basalts solidified. Additional details regarding the temporal and
spatial occurrence of basalts dating back to 10 Ma are pre ed in Chapter 5.

3. Overview of Igneous Activity Proce

3.1. Introduction

The logic charts of Figure 1.2 a, b, c,
the nature and likelihood of future igneous ac

e show the comp
at Yucca Mountain

ts involved in evaluating
the potential

scenarios and their interaction with t i i . processes
involved in these scenarios are integral to th i igneous

magmal/repository intera f contaminated ash and its
remobilization (Figure ntaminated ash (Figure 1.2
e).

ivity is important to understanding the processes that
may impact the ri a Mountain repository. Knowledge of the scientific
basis of igneous ac during the past century, but growth has been
particularly dramatic in he development of the plate tectonic paradigm
and rapid advances in the ge istry of igneous rocks and modeling of magmatic processes

Magma is primarily generated at depths of several tens of kilometers in the lower crust and
upper mantle along crustal boundaries where plates making up the outer lithosphere of the
Earth are colliding (convergent boundaries) or being pulled apart (divergent boundaries) by sub-
lithospheric movements within the mantle. Plates at convergent boundaries may be drawn into
the Earth (subducted) to depths where components of the subducting slabs have melting points
that are less than the ambient temperature of the Earth causing partial melting. Alternatively,
water within subducted surface rocks may cause the melting point of rocks to decrease to a
point where they melt or locally melting may occur by frictional heating of the down-moving
subducting slab against adjacent rocks. At divergent boundaries the extensional regime acting
upon the lithosphere may decrease pressure causing a lowering of the melting temperature of
the rocks causing melting along mid-ocean ridges and continental rifts. This melting may be
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enhanced by the upward (buoyant) movement of hotter rocks from deep within the mantle.
These rising plumes of hotter rocks may occur independent of plate margins producing localized
igneous activity and voluminous volcanism on both the continents (e.g., Yellowstone) and
oceans (e.g., Hawaiian Islands).

Partial melting of chemically primitive mantle rock produces basaltic magma which
ascends due to buoyancy as magma-filled cracks and magmatic plumes. Most basaltic magma
does not reach the Earth’s surface, but becomes encumbered at depth due to solidification or
loss of buoyancy. In continental terrains, stalled basaltic magma contains sufficient heat to melt
the already hot lower continental crust and generate fresh magma that moves upward toward
the surface as in the case of the volcanism that pervaded the Yucca Mountain region 10 to 12
Ma. This rising magma reflects the composition of the loca tinental crust, which is much
closer to granite (i.e., rhyolitic) in composition, and is disti on-basaltic as are the volcanic
rocks making up Yucca Mountain. Volcanism in conti errains, like the western U.S.
including Yucca Mountain, is thus commonly bimod rom the melting of the lower
crust and basaltic from the venting of small man
basaltic volcanism, as has occurred over the
region, commonly are related to residual p iggered into movement
toward the surface by tectonic movements.

3.2.2 Magma Composition

The physical nature and behavior of ; inti reflects its chemical composition.
All Earth magmas are polymeri i ) i ed by varying amounts of cations

his reflects the less polymerized
nature of the ing t i of @ melt increases and becomes more
difficult to defo ] i i s more polymerized. At the same
temperature and 3 3 factor of ~10* times less viscous than rhyolite.

The single most imp i e rheology, a critical parameter in determining
the consequences of igne ivi Yucca Mountain, of any given magma is the buildup of
igmas crystallize over a span of about 200° C in
temperature. Crystals build up e at the liquidus to 100% by volume at the solidus.
Liquidus temperatures vary from the order of 1200° C in basaltic rocks to as low as 700° C in
granitic rocks depending on their composition, depth, and volatile content. Higher concentration
of crystals strongly increases magma viscosity and as the maximum packing of crystals at ~50%
approaches, the magma becomes a rigid, dilatant solid that expands upon shear and resists all
motion. At maximum packing, as in a cup full of ice cubes, all solids (crystals) are touching and
cannot undergo shear unless the assemblage expands as neighboring crystals move outward
and past one another. With magma held within solid rock, there is no room for expansion.
Consequently, no magma is ever erupted containing more than ~50 % crystals of a given size.

Volatiles dissolved in magma are of central importance in determining the nature of

volcanism and the risk from igneous activity at the proposed repository. Magma composition
and confining pressure, aside from the availability of volatiles, are the major factors in controlling
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the concentration of volatiles in magma; temperature is of minor importance. The principal
magmatic volatiles are H,O, CO,, and SO,, with water the most common primary constituent.
Water solubility is directly proportional to pressure and also to magma silica content. A silica-
rich magma (e.g., rhyolite), for example, can contain far more water than basalt at the same
pressure and temperature. Because the solubility of water in magma is zero under surface
conditions of one atmosphere total pressure, as magma approaches Earth’s surface it inevitably
becomes saturated with water and generates bubbles, much as when a diver gets the bends
from bubbles forming in the blood. Volatiles also have a major effect on the viscosity of magma.
Water in solution, for example, de-polymerizes the melt structure, greatly reducing viscosity.
Adding 5 % (mass) water to a rhyolite at 1000°C and sufficiently high pressure will reduce the
viscosity by a factor of 10”. The effect is much smaller with basalt, but still important. Water also
significantly reduces the temperatures of crystallization.

3.2.3 Volcanoes and Their Products

Magmas rise from source regions of molte cy because of the lower
density of the melt and included gas bubbles
tensile strength of the overlying rocks. The rtical disk-like slabs,

Earth, but If the magma reaches the
molten lava, gases, and fragmental
The nature of the eruption controls the volcanic deposits and the relative
proportion of eruptive produ hrop Wells volcano (Figure 3.2)
eruption began with cone 3.2 a and b) that led to violent
i at deposited tephra over the

cone (Figure 3 c). The la
d. The estimat cano (Krier et al., 2006) are:
1) eruptive 7k m?, and 3) lava flows — 0.03 km?.

\
11 ,.\‘\;.\

EEEES PEE e

Dike [~ :

1
&

1
Ascent via = Fissure vents = Central vent
dikes (scoria cone)

b

A,
1

o,

Figure 3.1 Conceptual model of igneous activity. Magma rises via dikes (left) leading to effusion
of magma fountains along the length of dikes that reach the surface (center) and finally to
focusing magma eruption in a conduit resulting in a volcanic cone (right). [After Valentine, 2006]
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[ 2rupting, runaway magma fountain, much
in the fashic DI i othering mass. The pile of material

forming the i ] J osition, reflects the nature and
sequence of arri i enient measures of the material type
and of volcanic |V|ty and mobility of erupted materials. The volatile
content of the mag s as is the silica content or general composition of
the magma. The mo g eruptions, by far, involve large volumes (10s to

1000s of km?) of silica- rich magma (ash rows) that erupt as dense clouds of
ash and gas (ash flows)
elevations.

Ash flow eruptions have not occurred in the Yucca Mountain region for roughly 10 million
years. Instead, the eruptions have been of small volume silica-poor, basaltic magma. Basaltic
magmatic systems characteristically low in volatiles, like Hawaii, emit mainly high temperature
(i.e., low crystallinity), low viscosity, low explosivity lavas of high mobility that can flow
considerable distances (10s of km). Flow distance depends greatly on erupted volume and
terrain slope. On the other hand, basaltic magmas of high volatile contents (>~1% by mass)
become saturated in volatiles in approaching the surface and generate a bubble phase that can
expand rapidly, fragmenting the magma into material ranging from fine ash (mm) to coarse
tephra (cm) or cinders. The overall process is somewhat akin to the uncapping of a vigorously
shaken bottle of soda. The early phase of the eruption is marked by high explosivity with the
transport of ash into the atmosphere which is distributed to the surrounding region depending on
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intensity of the explosivity and the local meteorological conditions and the ejection of tephra that
is deposited in a local cone around the vent, generally called a cinder cone. This phase of the
eruptive sequence is called the violent Strombolian phase in reference to Stromboli volcano in
the Mediterranean Sea, which has delivered gas-charged eruptions of this type since before the
days of Aristotle. The extrusion of sluggish, high viscosity, low mobility lava flows follows the
violent Strombolian phase. Small volume (<~5 km?) cinder (scoria) cone systems of this nature
are typical of those in the Yucca Mountain region. The outpourings are generally short-lived
(<~10 yrs) and occur in a single (i.e., monogenetic) episode, although polygenetic cinder cones
are also not uncommon. Because cinder cone events often commence with eruption from a long
fissure (~1 km or more) (Figure 3.1), there is the potential that a dike associated with a cinder
cone event adjacent to Yucca Mountain could reach and compromise the integrity of the
repository and its contents as could an eruption directly thr the proposed repository.

3.3. Magma/Repository Interaction
3.3.1 Nature of Magma Ascent

small meter-size cracks
per crust, especially

Low viscosity magmas flow like thic

propagation, as evidenced by the c oded volcanic
terrains. The rate of propagation is li
crack. If magma viscosity becomes to
may pool or solidify in place

The features of ma ic di untain igneous event are
rapid rate of propagation AZi ori [ nd the large aspect ratio (length/width).

ratios ca € . ike i isioned as a thin circular disk
i itiation and driven by an internal

S can lengthen to one kilometer or more
as it approaches t me of available magma limits the size of any dike as
well as the number i ated in any single event. Once the dike intersects
the surface, the internal dri i sipated through venting of the magma
compromising further expansion. gation is normally in the plane of the least principal

: al, and the strike or azimuthal orientation of the dike is

strongly influenced by the princ ontal stresses, whose magnitude and orientation reflect
the structural makeup of the cru d the prevailing tectonic conditions. These are generally
referred to as ‘regional stress patterns.’ Local topographic conditions, which alter the local
stress field, can literally steer the dike to a limited degree as it reaches the surface.

3.3.3 Basic Nature of Eruptive Event

The nature of the eruptive event as the dike intersects the surface depends critically on the
type of magma, its viscosity and, especially, the volatile content of the magma. The solubility of
water and other volatiles is strongly dependent on the prevailing pressure and magma
composition and much less so on temperature. With the amount of volatiles expected for typical
basaltic magmas in the Yucca Mountain region, the magma will be undersaturated with volatiles
until it comes within about 5 km of the surface. At the point of saturation a separate vapor phase
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will form as an assemblage of bubbles to further accelerate ascent. The increasing strength of
this vapor phase event will eventually fragment the magma and form an explosive eruptive
column into the atmosphere of hot gas laden with quenched particles of magma. The sizes of
these particles will vary from fine ash to popcorn-like tephra. The strength and duration of an
event depends on the volume of magma involved, the volatile inventory, the number of eruptive
vents, and the geometry of the eruptive system. The explosive phase of the eruption is followed
by a cone-building phase consisting of deposition of tephra, spatter, and similar products about
the vent. This is followed by the extrusion of lava pushing out through the base of the cone and
flowing under gravity in directions dictated by topography.

3.3.4 Interaction with Repository and Canisters

In the unlikely event that volcanic activity would int
are three scenarios for potential interaction with the r
radiological exposures vary significantly among the

repository (Figure 3.3), there
. The consequences for future
t scenario, the intrusion scenario,

EPRI have considered the possible consequ ike could intersect and
propagate through the repository and interact i in the tunnels (drifts).
As a dike approaches the level of t of the magma
front. This advancing vapor-filled ca

Waste Package

Figure 3.3. Schematic depiction of the anticipated repository tunnel (drift) containing waste
packages within Yucca Mountain.

Detournay et al. (2003, p. 49) also commented on the possible effects of a repository on
dike propagation, as follows:

The stress barrier that develops around a hot repository during the intermediate period
spanning the first 2000 years [since closing of the repository] could cause the dike to be
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deflected so as to avoid crossing of the repository, promote the creation of a sill, or halt
propagation of the tip approaching the repository if the dike is centered a few kilometers
north or south. Such protection is time-limited, however; it is therefore conservative to
assume that the dike would propagate vertically under all circumstances and would
intersect the repository. The major impact of the thermal perturbation would be to reduce
significantly the size of the tip cavity ahead of the magma front and perhaps to increase
the magma pressure gradient behind the magma front.

Identification and Linkages of
Abstractions—Igneous Intrusion

Igneous Intrusion
Groundwater
Transport

Intrusion Repository Response

Erchaimity Characteristics (EBS, WP, WF)

el =
Figure 3.4 Identification and Iivf abstractions in the igneous intrusion scenario of DOE’s

TSPA. [After Valentine, 2006]

It is of interest that the stress barrier described by Detournay et al. (2003) would apply
during the time when potential risk from volcanism is at its greatest. After the first 1000 years
the hypothetical doses would diminish significantly (see Figure 5.10 below) because substantial
amounts of shorter-lived radionuclides would have decayed away.

As the basaltic magma moves upward it may degas steadily or catastrophically. Steady
release of gas would diminish the volatile content such that the magma front would not likely
produce violent explosive behavior when it encounters the repository, and it would instead flow
effusively into the drifts. In the hypothetical case where gas explosively exsolves, magma could
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flow into drifts as a two-phase gas-magma flow, generating tephra instead of a magma flow.
The flow of magma into drifts may slow the progress of the magma front to the surface, but it
should have little effect on the tip of the dike cavity, which would already have begun
accelerating given the diminishing overburden pressure as it approached the surface. The dike
tip would probably reach the surface in seconds after passing the repository horizon (BSC,
2003a). Flow of magma into a tunnel would lower the pressure in the dike directly above the
drift, but this would last only as long as it takes for the tunnel to become filled with magma or to
become obstructed by a plug of tacky, incandescent tephra.

If a dike reaches the level of the repository, magma would be available to flow into drifts at
a rate that would strongly depend on the magma viscosity and the rate of magma solidification
as it contacts the relatively cold drip shields, waste packag nd tunnel walls. The flow rate
would also be influenced by frictional losses at the dike/ rface and partial obstruction of
the tunnel by waste packages and drip shields. DOE estimates that magma could fill a
drift in about 5 minutes, given a dike ascent rate of ery low viscosities between 10
than 1 minute. Recent work
suggests that magma viscosities could be ord i r than previously assumed,
which would reduce the rate of magma entr.
potentially critical effects of quenching and solidi es and drift walls have
yet to be fully evaluated by DOE and NRC.

EPRI (2004) has analyzed pla pository
Given the possibility of higher viscosities the [ [ concluded that
partial intrusion of magma i within a tunnel. The first zone
would be close to the dike i : i i aste packages would be

characterized by disrupted
drip shields, thermall dding. The waste
packages in this zone
water moving th
where drip

experien

one’ would be a ‘Blue Zone,’
undated by magma but would
gases (EPRI, 2004). Drip shields would

within a relative [ i .“Beyond the Blue Zone would be the
ience modest (<350°C) temperatures and the

packages and their drip shi ered with respect to their resistance to corrosion
(EPRI, 2004).

A second scenario for ma pository interaction has been proposed whereby magma
might fill a drift and create enoug essure to generate (at a distance from the entry point) a
secondary dike to the surface as illustrated in Figure 3.5 [Woods et al., 2002]. This so-called
“dogleg” scenario could potentially affect a large number of waste packages. The key factor
here is whether the magma has the ability to fill the drift quickly and re-pressurize it to the extent
of nucleating a new dike elsewhere along the drift, in spite of the initial flow continuing to the
surface. This scenario arose from observations that secondary breakouts of magma sometimes
occur in association with basaltic eruptions. This “dog-leg” model was analyzed in BSC (2003a)
which considered the propagation of pressure and stress through the dike system and the effect
of magma cooling. Detournay et al. (2003) considered the propagation of either a magmatic or
pyroclastic “dog-leg” scenario to be improbable, but recommended further analyses to assess
the impacts of a partially coupled pyroclastic flow scenario on repository performance.
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The third igneous scenario Ives the intersection of a tephra-cone-forming volcanic vent
(i.e., conduit) within the repository drift (see Figures 1.2 e and 3.6). The transition from flow in
dikes to vent flow occurs early in an eruptive sequence, and vents form under various
conditions. In low-viscosity basalts, the transition may occur when narrow parts of the dike
freeze followed by mechanical and thermal erosion of wider sections as the flow is repartitioned
(e.g., Bruce and Huppert, 1990). A key difference between a volcanic vent and a dike is that the
vent is much smaller in diameter (generally <75 m) than a dike is long (1-5 km or more). Given
a repository drift spacing of >50 m, a vent could directly intersect only one drift along with a
relatively small number of waste packages within the cross-section of the vent. Due to the
perceived complexity of the processes involved, both NRC (Mohanty et al., 2004) and DOE
(2003) assume that the small number of waste packages (approximately 1-10) entrained within
a conduit would be completely destroyed and the contents carried to the surface and ejected as
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tephra of varying sizes. The degree to which ceramic or glass waste forms could be reduced to
fine particulate materials in a volcanic conduit is highly uncertain, particularly during the first
1000 years when the waste packages and waste forms should still be relatively intact. The
manner and degree to which the fragments would be incorporated in volcanic tephra is
uncertain, but would involve the well-known phenomenon of magma quenching.

Identification and Linkages of
Abstractions—Volcanic Eruption

Volcanic
Eruption

e Volcanic Interaction with
Probability the Repository

Atmospheric Transport
of Contaminated Ash

Dose g - Volcanic Ash
Calculation Exposure

00731DC_0047 ai

Figure 3.6 Identification abstractions in the eruption scenario of DOE’s TSPA.

[After Valentine, 2006]

The importance of gainin iled understanding of these scenarios can be appreciated
from the point of view of estimating potential radiation doses associated with magmatic activity.
The largest hypothetical radiation dose would arise if extrusive igneous activity were to occur
during the first 1000 yrs after repository closure (Mohanty et al., 2004 [see their Figs. 3-45 & 3-
46]). After that time potential doses to future generations diminish significantly because
substantial fractions of shorter-lived radionuclides will have decayed. Waste packages should
be minimally degraded during the first 1000 years and therefore would be more resistant to
igneous thermal/physical effects during that time.

3.4 Dispersal of Contaminated Ash
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Ash® emitted during an extrusive event that erupts through the proposed repository may
contain fragmented radioactive waste. The contaminated ash will contribute to the dose to the
RMEI primarily through inhalation (Figure 3.6). If the ash is not contaminated by radioactive
materials, and is present in sufficient concentration, it can cause respiratory problems, but these
will be minor and transient in healthy individuals (Calabrese and Kenyon, 1991). Accordingly,
studies of the impact of ash on humans have been directed at radioactively contaminated ash.

3.4.1 How is Ash Dispersed?

Contaminated ash will be dispersed in the same way as uncontaminated ash from a
violent Strombolian eruption. The ash plume consists of a vertical high-speed jet, a mixture of
gases and particles that rises adiabatically to an altitude w its buoyancy is neutral; i.e.,
where the plume temperature is the same as the ambie erature (DOE, 2000). At that
altitude, further dispersion of the ash depends on me ical conditions. Wind has a first-
order effect, and meteorological conditions that im swind movement of gases and
particles have a second-order effect (Wark et al.

conditions can
i, 1983) is generally

Dispersion of ash particles by meteor
several different ways. The Suzuki model (S

odeled and predicted in
pted as representing

e The scale of hori 5 e scale of vertical turbulence.

The Suzuki models inv fusi yining se eoretical diffusion
formulations with emp|r| : i ISi an diffusion equation that most
Gaussian mode

3.4.
The ash e event would be radioactively contaminated by the
incorporation of sp and gases. Two types of contaminated ash can

incorporation of the mo
dispersed. Incorporation ¢

products. Uncontaminated ash will also be emitted and
e relative densities of ash particles and spent fuel

10 gm/cm?® — about five times ity of volcanic ash — so that incorporation of this material
would result in relatively dense ash. Jarzemba and LaPlante (Jarzemba, 1997; Jarzemba and
La Plante, 1996) estimate that the net maximum density of ash contaminated with spent fuel will
be about 5 gm/cm?, resulting in relatively dense ash particles. On the other hand, less dense
radionuclides like radiocobalt and volatile radionuclides like radiocesium, as CsCl, although
likely to adhere to or condense on ash particles, would not increase the ash particle density
significantly.

Suzuki postulates ash particles with a mean actual diameter of about 1000 microns and
standard deviations of 1000, 4000, and 2 x 10* microns. He also postulates ash particle

® The material ejected during a violent volcanic eruption regardless of size is tephra, but very small particles (< 2
mm) of tephra often are referred to simply as “ash,” and are so designated in this document.
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densities between 0.1 and 2.4 gm/cm?®, but includes in his model particle densities up to 10
gm/cm?. Assumptions about ash particle diameter and density are important to modeling both
the direct air dispersion and the remobilization of ash particles by wind. As expected, larger,
denser ash particles fall out of the eruption plume close to the vent, while smaller, less dense
particles are carried farther from the eruption site at the time of the eruption. Suzuki models the
footprint of the plume of smaller (1000 to 4000 microns) ash particles as extending as far as 60
km downwind. The range postulated by Suzuki encompasses the Jarzemba and La Plante
(1996) assumption that the density of contaminated ash could vary up to 5 gm/cm?.

1.12e+0B L . L

11e+084 :°

1.08e+086

T T
160000 180000 200000

Figure 3.7, provided here as an example, shows a sample of Suzuki model output produced by
modeling an eruption (at Irazu volcano, Costa Rica)

1.0 05 QO DIE 1ID 1.5 EID 25 }

Log4, Mass Accumulation (gmfcm2

Figure 3.7. A cont i the‘ted tephra dispersion for eruption and
meteorological param le 3.1. The plot coordinates indicate location of the
deposited material with uption site. The vertical axis is in a northerly direction;
the horizontal axis, easterl rs refer to universal transverse Mercator UTM grid

locations; units are meters. F
http://www.cas.usf.edu/~cconno

llel/tephra/tephra.htmli#input.

Table 3.1. Input parameters for the Suzuki model example shown in Figure 3.7. Values for all
input parameters are supplied by the analyst using the code.

Parameter Value

total_ash_mass (kg) 6x10"

maximum_particle_diameter_ considered 10°
(microns)

minimum_particle_diameter_considered (microns) 10,000
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particle_mean_diameter_erupted (microns) 30,000

part_sigma_size (diameter standard deviation) 10,000
part_mean_density (gm/cm?®) 1.1
part_shape_factor (dimensionless) 0.5
vent_height 0.0
max_column_height (m) 8000

column_beta (parameter governing the shape
of the beta distribution)’

initial_eruption_velocity (at the vent) (m/s) 100
avg_windspeed (m/s) 10

0.01

The downwind distance that ash particles are tr
emitted column of ash, the wind speed, and the d
with activity mean aerodynamic diameter (AMA
particles with density greater than about 5 g
reaching terminal velocity (Wark et al., 199
within tens of meters of the eruption vent. es would be

d depends on the height of the
meter of the particles. Particles

After deposition, the lo surface processes. Wind,
rain, and ephemeral su ort, sort, and redistribute
the finer-grained ash (Fig ave potential health
significance b n the surface by winds and transported
toward the 3 adioactive materials in or on such particles
are resusp ‘ inhe i d foods grown from those soils. There

are a significan g these calculations. Many of them rely on
assumptions o ilabili ation and solubility of radioactive
materials incorporated i S There are additional assumptions on the

incorporation of mob into these exposure pathways.
Wind is an almost contin S ut it will not always blow from an area with
contaminated ash toward the . e area with the RMEI. Most of the volcanic ash would

not be contaminated, and only with AMADs less than about 50 microns would be lofted
by the wind. Radioactively contaminated particles of AMAD 20 microns contribute more that
larger sized particles to calculated doses because of the patterns of deposition in the respiratory
tract of humans. Larger particles would contribute only minimally to a RMEI dose, if at all.

Intense, ephemeral floods associated with major storms have the potential to extensively erode
tephra deposits, but the large flood discharges also can transport radioactive materials to the

" The shape of a beta distribution is determined by two parameters, so that by adjusting these arbitrary parameters
the distribution can take any of a number of shapes, from Gaussian, to log-normal, to uniform. The analyst can thus
adjust the form of the input distribution to best of the data.

& . Movement of particles is often modeled by giving particles the radial dimension they would have if they were
spherical particles of density 1 gm/cm®. This is the activity mean aerodynamic diameter, or AMAD.
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vicinity of the RMEI or far beyond. Floods are especially capable of transporting fine-grained
materials important to the inhalation dose for long distances.

Realistic analyses of potential doses must consider all of these processes as well as particle
size and density.

\

Volcanisit

Figure 3.8 Sch ic di s involved ! ash remobilization.

Airborne particle nded after having been deposited on the ground can be
major contributors to inh matter, and thus to an inhalation dose. The fraction of
deposited material that ca nded, and the distance it can travel, are controversial
because relatively few measu of these parameters have been made. Anspaugh et al.
(2002) have developed both a rt-term and a long-term model for resuspension and the
dispersion of resuspended material. Anspaugh et al. (2002) points out that there is at least an
order of magnitude uncertainty in any long-term model of resuspension. Long-term models are
empirically derived from a large data base that includes measurements from the Nevada Test
Site as well as Chernobyl.

Anspaugh (2004) points out that a substantial amount of material will be available for
resuspension 15 or more years after the particles are deposited (Figure 3.9), suggesting that
even after decades some resuspended ash will be available for inhalation by the RMEI. This
resuspended and ultimately redeposited contaminated ash may also contribute to an ingestion
dose if taken up by agriculturally important vegetation. Ingested radionuclides generally
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contribute less to the total committed dose because the food ingestion pathway dilutes the
radioactive material more than the direct inhalation pathway.

Fraction Resuspended/20 miles

1.E-02
1.E-04 | 7\;\1\
1.E-06 T
1.E-08 |

1.E-10
1E-12 \ T
1E-14 |
1.E-16 |
1.E-18 |

1.E-20 -
1.E-22

Resuspended fraction

27 55 82 110 13.7 164 192 219 247 274 301 329 356 384

from the An gh et al. (2002)
tion of resuspen aterial that is

Time (years)

Figure 3.9 Resuspended frac
equation for long-term resuspension.
carried 20 miles by wind.

ash derived from waste packag iciently damaged that the spent fuel matrix itself would be
damaged and particles of both the spent fuel itself and activated metal from the clad and waste
package could be entrained in the ejected material. The exposure pathways for the
contaminated ash to reach the RMEI would then be by: (1) external exposure to deposited
radionuclides, (2) inhalation of contaminated ash, and (3) ingestion of radionuclides in
contaminated ash taken up by plants or dissolved in drinking water.

If the igneous event were to occur after roughly the first thousand years after closure of the

repository, the very radioactively strong gamma emitters (e.g., Cs137) would have radioactively
decayed to negligible levels, so that the external dose rate from deposited radionuclides would
be relatively small and might not be readily detectable. In addition, the external dose from the
much longer-lived actinides would be small, because the specific activity of these radionuclides
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is relatively small and because the gammas they emit are relatively less energetic. Doses to the
RMEI from direct exposure to contaminated volcanic ash would be primarily inhalation doses,
which are committed doses, usually considered committed for 50 years. Direct exposure can
come about from direct inhalation of airborne contaminated ash and from remobilized
resuspended contaminated ash.

The dose delivered by an inhaled and absorbed radionuclide depends on metabolism and
particle size; the most penetrating particles are about 0.3 microns (AMAD). The energy
absorbed by various organs and the type of radiation are reflected in the dose conversion
factors (DCFs) for each radionuclide (Eckerman and Ryman, 1993; Eckerman, et al, 1999;
Leggett and Eckerman, 2003).

3.6.1 Inhalation Dose

The inhalation dose is considerably larger tha tion dose. The inhalation dose to

respiratory tract of humans, contrib
particles would contribute only mini

absorption by the target o C icle size is expressed in an
approximately lognor [ [ ' AMAD, including significant

Anspaugh et 2 i aments of vegetation uptake of deposited
radionuclides at the
shows the computed fra

ns of fallout particles that were intercepted by vegetation.

Table 3.2 Summary of computed values of mass interception fractions of fallout from nuclear
tests at the Nevada test site. [After Anspaugh et al. 2002]

Computed values of mass interception fractions
m? of contaminated surface/kg vegetation dry weight
Native desert vegetation Pasture-type vegetation
Parameter Total fallout <44 um Total fallout <44 ym
Arithmetic mean 0.18 0.81 0.20 1.9
Standard deviation 0.25 1.3 0.29 4.29
Geometric mean 0.062 0.37 0.081 0.82
Standard deviation 6.3 3.7 4.8 3.2
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Smaller particles are more likely to be taken up by vegetation than larger particles, and
dissolved material is the most likely to be absorbed. Some of the immediate fallout could be
absorbed by pasture-type vegetation, since alfalfa is grown in the Amargosa Desert, and a small
but non-negligible ingestion dose could result. Fluvial mobilization could also result in
vegetation uptake of deposited contaminated ash.

Uptake of radionuclides by vegetation and the transfer of those radionuclides by
herbivores to meat products or milk is expressed in radionuclide-specific food transfer factors.
Virtually no agricultural products intended for human consumption are produced in the area
occupied by the RMEI. Lee et al. (2005) have observed that rainfall would have to increase
about ten fold to provide enough water for locally grown s or enough water for families to
grow a significant fraction of their own food. Thus, inge ose would probably be limited to
meat and milk for this scenario. Alfalfa is grown in t rgosa Desert today, but there is not
enough locally grown alfalfa to maintain either beef tle. As was observed in the 2004

The initial question in the risk triple at can happen is the subject of
Chapter 4. What can happen:i event that impacts the proposed
Yucca Mountain reposito ath the proposed repository or

The vol e changes in volcanism that have occurred
with time i uture igneous activity event would
involve a p and produce volcanic conduits of a
particular si by the geologic and tectonic history of
the region an aracterization of the Yucca Mountain region that has

volcanological studies © oes and their processes contribute useful information
i vents. There is general agreement among investigators
on many, but not all, of the s of possible future igneous activity. These views and

their current status are identifi
4.2 Volcanic Analogs

To evaluate the likelihood and consequences of an igneous event intersecting the
proposed repository it is necessary to estimate the type, size, and shape of future igneous
events, and their location and orientation, The importance of these attributes is illustrated in
comparing a volcanic vent (conduit) of limited diameter (e.g., 50-75 m) to a dike whose length is
measured in kilometers. The latter is more likely to intersect the repository. Volcanic vents
typically form along dikes at sites where eruptive activity becomes locally enhanced, resulting in
erosion and expansion of a local segment of dike to form a conduit or vent. Accordingly, if a
repository were to be intersected by a future volcanic vent, it would also be intersected by at
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least one dike. The orientation and length of the dikes is important because of the possibility of
a dike extending into the repository from outside Yucca Mountain and the control these
characteristics have over the number of drifts of the repository that would be intersected by the
dike.

Examination of volcanic analogs, in particular those originating during the past several
million years (see Table 4.1), provides a practical method for estimating the characteristics of
volcanic features. The time period used to evaluate future volcanism should be reasonably
representative of present-day conditions in the Yucca Mountain region. DOE has adopted the
Pliocene-Pleistocene (Plio-Pleistocene) time period® for extrapolation of events, consistent with
the approach by members of the 1996 DOE-PVHA expert panel (Geomatrix Consultants, 1996).
However, several members of that panel considered the Pleistocene (previous 1.75 Ma) Epoch
to be the most representative and the preferred time peri which to extrapolate. For
young (Pleistocene) volcanoes, the presence of tephr. s conceals the actual dimensions of
the underlying vent or conduit, but provides useful i n the nature and volume of the
i can be evaluated in some
s filled with agglomerate
an estimate of former

detail because they have been heavily erode
(pyroclastic debris). The dimensions of the
conduit size.

The volcanic cones and lava f
analogs of the igneous activity events {l
Pleistocene volcanic cones of Crater

areas although two of the eigh Plelstoc Yucca Mountain region occur on
topographic highs. The d indicate that the volume of
volcanic material range . . m® (Red and Black Cones)
while Pliocene volcanc ca Mountain have

significantly greater vol ). se events also provide
information on_th [ f icipated in the Yucca Mountain

region. The rombolian activity was present, with
plumes of during portions of the volcanic events
The maxim 0 4 m%/s for the Pleistocene Crater Flat
volcanoes whi Pliocene volcanoes is an order of magnitude larger
(Table 4.1). Vale e concluded that the total length of the fissures

m, while Pliocene volcanoes are associated
ngth. Valentine et al. (2005) have investigated the
ind that the bulk of the cone is composed of fine
vith sustained columns of well-fragmented eruptive
out deposits as much as 20 km from the vent.

make up of the Lathrop We
grained eruptive materials co
materials and laterally extensive

° The Plio-Pleistocene time period includes both the Pliocene (5 - 1.75 Ma) and the Pleistocene (1.75 Ma - 11.5 ka)
Epochs.
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Figure 4.1 Photo of Pleistocene volcanoes in Crater Flat as viewed over the crest of Yucca
Mountain. From right to left the volcanoes are Black Cone, Red Cone, and Little Cones. Bare
Mountain is in the mid-background.
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The change in rate and volume of the volcanoes and of fissure length is indicative of
waning heat energy and related volcanism, such as evidenced in the Reveille Range, which is
approximately 100 km north of Yucca Mountain (Yogodzinski et al., 1996). Valentine et al.
(2006) have concluded that the Pleistocene Crater Flat volcanoes are derived from a single vent
(monogenetic) formed in a single eruptive episode lasting only a few years. Valentine and Perry
(2006) have inferred that the dikes rise vertically with little lateral propagation and have a
curved, convex upward, leading edge in a shape similar to a tongue depressor. The occurrence
of volcanoes on local topographic highs (Little Black Peak and Hidden Cone), without vents that
intersect the surface at lower elevations, provide evidence for the lack of lateral propagation.
Most basaltic dikes of Miocene age, as mapped by Valentine and Krogh (2006) in the Paiute
Ridge volcanic center of the Nevada Test Site, occupy nor faults. Similarly, Valentine and
Perry (2006) based on geophysical data and field evide gests that Plio-Pleistocene
volcanoes erupted along existing faults.

4.3 NRC and DOE Positions

4.3.1 NRC/DOE KTI Agreement on ely Range of Te Volumes

volcanoes in the Yucca Mountain re
is reflected in a letter from NRC (Kokaijk expressed
concern that the range of tephra volu nt did not
correspond to the volumes interpreted fo occurred in Crater Flat during the
time interval used in DO ili 2 S the eroded remnants of scoria
cones of Pliocene vol e DOE probability results,
indicate larger tephra

. This agreement

(BSC, 2003b). OE and NRC estimates of
tephra volume RC, 1999) does not appear
to affect pe
432D

eristics of volcanic features in their Technical Basis
Document (#13) on HA expert elicitation (Geomatrix Consultants,
1996), the expert pane nic event as a point in space representing a volcano, and
an associated dike having ation, and location relative to the point. Associated

center, dated at 8.6 Ma and loc the northeastern margin of the Nevada Test Site (DOE,
2003; Valentine and Krogh, 2006), is a possible analog. A study of this center can elucidate the
relationship between intrusive and extrusive components of a volcanic event. Paiute Ridge is a
small-volume Miocene volcanic center comparable in volume and composition to Pleistocene
volcanoes near Yucca Mountain. Like the Pleistocene cones, Paiute ridge igneous activity is
believed to have occurred during a brief magmatic pulse represented by a single volcanic event.
The vents and associated dike system formed in a NNW-trending extensional graben, and
exposures of the system include remnants of surface lava flows, volcanic conduits, and dikes
and sills intruded into tuff country rock at depths of ~250 m from the paleosurface. Dike lengths
at Paiute Ridge range from less than 1 km to 5 km and widths from 1.2 to 9 m. At Paiute Ridge
parts of some dikes terminated within ~100 m of the surface without erupting, while other parts
of the same dike did erupt, as evidenced by associated lava flows and volcanic conduits. This
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contrasts with the current assumption by both the DOE and NRC that any dike which intrudes
the repository will vent out to the surface.

Volcanic events occurring outside of the repository footprint must have sufficient length to
intersect and breach the repository. Longer event lengths will result in higher intersection
probabilities. The mean dike length associated with a volcanic event in the Yucca Mountain
region is 4 km, and 95 percent of dikes are shorter than 10.1 km (DOE, 2003), consistent with
observed volcanic features in the Yucca Mountain region. The maximum aligned-vent spacing
in the Yucca Mountain region is 5.4 km between Black and Makani (Northern) Cones, and
volcanic-vent alignment lengths are typically in the range of 2 to 5 km (e.g., Hidden Cone-Little
Black Peak, Amargosa aeromagnetic Anomaly A, and Red Cone-Black Cone) (DOE, 2003).
The longest proposed vent alignment in the Yucca Mountain region is the Pleistocene Crater
Flat alignment with a length of about 11 km, if one assu epresents only one volcanic
event. Ifin fact that alignment represents a single ev effect would be to reduce the Plio-
Pleistocene recurrence rate significantly.

Dikes such as those at Paiute Ridge r
vent alignments of the 3.7 Ma basalts in Cr:
studies have indicated much smaller dike (fi
Section 4.2 of this chapter.

km long. More recent
ble 4.1 and discussed

DOE (2003) cites Delaney an the 174 dike
lengths measured in the San Rafael vo n of the length
distribution at San Rafael is ap roxmate gest dikes are 8 to 9 km. DOE
(2003) estimated a mea F distance from the end of the

dike nearest the reposi gin ' e volcanic event, using

intruded into tuff a 1iC Ce cca Mountain region, and observed dike
widths ranging fro . {'dikes were between 1 and 2 m wide. The typical dike-
width dimension assign ] perts was 1 m (Geomatrix Consultants, 1996). DOE
(2003) reports that mo [ C in'the Yucca Mountain region are small in volume
and fed by one main dike. S [ (dike swarm) may be present with spacing between

g eters. There may also be small dikes that radiate
outward from the conduit of the one, analogous to the crudely radiating dikes that are
enclosed in near-vent scoria at tt oded Pliocene basalt centers of Crater Flat. The Paiute
Ridge volcanic complex may have as many as 10 dikes, in addition to sill-like bodies.

Data from a variety of basaltic fields indicates that the spacing between multiple dikes
(dike swarm) can vary from about 100 m to approximately 1 km (DOE, 2003). For the Paiute
Ridge complex, measurements suggest that the mean dike spacing for dikes greater than 1 km
long is approximately 995 m (maximum 1,440 m; minimum 250 m) (Perry et al., 1998). For the
3.7-Ma-old Crater Flat basalts, dike spacing is approximately 385 m (Perry et al., 1998). Dike
spacing in the Yucca Mountain region ranges from about 100 m to 690 m (DOE, 2003).

The DOE has determined that an average of 77 percent of the basaltic, repository-
intersecting intrusive events would result in at least one volcano occurring within the repository
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footprint. This is based on observed vent spacing in the Yucca Mountain region and an
assumption that the volcanoes could occur randomly along the length of the dike or to
preferentially localize near a repository drift.

Basaltic eruptions begin from fissures that focus into roughly conical (base upward)
conduit eruptions. The best data on conduit diameters and depths to which conduits extend
come from observations of basaltic volcanic necks that have been exposed by erosion.
However, few volcanic necks have been mapped in detail, at least those with the basaltic
compositions of interest in the Yucca Mountain region. Without such mapping, estimates of
potential conduit diameters are based on measurements at analog volcanoes (DOE, 2003).
The transition from magma flow in a subplanar dike to flow in a conduit has been inferred at
many field locations (e.g., Delaney and Pollard, 1981; Hall 992). A planar dike is the
preferred form for movement of magma through brittle a tic host rock, whereas a conical
conduit is the preferred form for magma flow and deli he surface (Delaney and Pollard,
1981). Once a zone of widening and flow focusin , the evolving conduit may
continue to widen via erosive and hydromagmati

at any given time during an
. Valentine and Groves
(1996) used the well-established sedimenta deposits at the
Lucero Volcanic field (New Mexico) to evaluate i eath a basalt
center. They calculated that the condui i . Conduit-size

calculations based on the proportion eposits
indicate that a cylindrical conduit up to 40 i formed in the uppermost strata. A
flared conduit could also have developed in si 6 m at depth to 300 m at the
surface.

The diameter o : ing and Valentine, 1998;
WoldeGabiriel et al., 199 altic conduit diameter in the
Yucca Mountain:region is . i ive upper bound for Yucca Mountain
because the i tion of several cubic kilometers of alkali
basalt (co rop Wells volcano with its approximate

total volume
overestimate C mate a 50-m conduit diameter for the

lithologically similar relative proportions of those units represented
siven the limitations on specific data to test the

1999), their estimate of a 50-m conduit diameter for the
Lathrop Wells Cone was use likely value for conduit diameter at depth for potential

eruptions at Yucca Mountain (L

Based on data from the Yucca Mountain region and selected analogs, the conduit
diameter for a future basalt volcano was constrained at its lower bound by 1- to 2-m wide dikes,
and at its upper bound by the 150-m Grants Ridge plug (DOE, 2003). The ongoing PVHA-U
has been tasked with reevaluating the volcanic event definition used in the 1996 expert
elicitation. The panelists have been asked to assess the following aspects of future volcanic
events that could hypothetically affect Yucca Mountain during the next 1 million years:

» Magnitude of event

* Intrusive event geometry
— Dike system length, azimuth, and location relative to point event and dike
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width (similar to 1996 assessment)

— Description of dike swarm (e.g. number and spacing of parallel dikes along
length of dike system)

— Influence of repository opening on dike intersection

* Extrusive event geometry

— Number and location of eruptive centers (conduits) associated with
volcanic event

— Conduit diameter at repository level

— Influence of repository opening on eruptive conduit location.

The final report of the PVHA-U is not expected to b
report cannot incorporate the revised assessments. Ba
proceedings, some significant changes are being con
Consultants, 1996). Most panelists appear to emph

blished until 2008, therefore this
CNW observations of PVHA-U
to the 1996 study (Geomatrix
ature of Pleistocene activity

drilling of aeromagnetic anomalies that have [ derived from hidden
basaltic igneous events. There remains consi i spatial and temporal

of ground water
because the water table is expected to m at most, as a res

change in the Yucca Mountain

in the YMR is the a rendi i Flat alignment consisting of five
cinder cones ed along the alignment that reveal the

through time. agnetic surveying provides no support for
connecting the ou ) ing vents. The aeromagnetic data show no indication
of anomalies related i i es connecting the vents.

ies G, F, and H provides further evidence of NE

C nomaly G (Figure 5.1), drill hole USW VA-2 confirmed
that 3.8 Ma basalt lies at a dep 9 m. Based on alignment and similar magnetic
signatures of Anomalies H and F, these anomalies are also interpreted to be related to Pliocene
basalts. Other vent alignments in the region include the 0.3 Ma Sleeping Buttes alignment,
consisting of two cinder cones aligned on a NE trend, ~40 km northwest of Yucca Mountain,
and the Pliocene Crater Flat vents, which form a north-trending alignment of 6-8 vents, erupted
3.8 Ma ago. In all, five vent alignments with a total of 18 vents have formed or reactivated
during Plio-Pleistocene time. Six remaining Plio-Pleistocene vents are not included in
recognized alignments. Four of these are known only from magnetic mapping and one from
drilling (Anomaly B, basalt of Pliocene age). There may be multiple vents associated with some
of these anomalies. It is possible that future volcanic activity may produce similar alignments.

Connor et al. (2000) estimated the probability of future volcanic intersection at Yucca
Mountain, assuming that half of any future volcanic events would not create alignments and
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would only disrupt the repository if they fell within the site boundary, and that the remaining half
would form alignments that could affect areas 5.5 to 8 km beyond the midpoint of a dike.
Connor et al. (2000) point out that the three youngest alignments in the Yucca Mountain region
trend along azimuths 20-30°, parallel to the maximum principal horizontal compressional stress
in the region (Morris et al., 1996). Connor et al. (2000) also pointed out that faults may locally
control the locations of vents regardless of whether vent alignments develop. For example, a
normal fault crossed by a strike-slip fault will tend to dilate more at the fault intersection, creating
additional space for the intrusion of ascending magma. They reported evidence of such
localization of cinder cones along faults in the Yucca Mountain region. The Pliocene aged
basalt of Anomaly B occurs at the intersection of the north-trending Gravity and Rock Valley
faults in the Amargosa Desert. The Carrara fault basalt is located at the intersection of north-
trending normal and NW trending strike-slip faults. The Lat Wells volcano is located along
the trend of the Stage Coach fault, south of Yucca Mou he intersection with several
north-trending faults (Connor et al., 2000).

The igneous activity parameters used in th ublished version of total

be N7.5°E with a range from NO°E to N15°E. med to have a mean
width of 5.5 m with a range from 1.0 to 10.0 m ike is 6.5 km with a

) a single igneous
event, but the base case is only one col it is uniform
from 24.6 to 77.9 km with a mean of 5 ash associated with*an eruption
event is estimated using better preservec i rve as analogs to the basaltic

these ratios and esti
ash-volume ranges fro
has determined :

me of 3 x 10’ m®. The DOE
x 10°to 4.4 x 108 m®.

~ > nature of future Yucca Mountain region
igneous activity is co i of published materials that discuss current
investigations. The DO i at changes to the input parameters to

entation, and number of dikes
ber and locations of conduits
aterial in tephra, cone, and lavas.

e Conduit
e Fraction of €

There are several areas of agreement between DOE and NRC regarding the nature of
igneous events impacting the proposed repository. These are based on geologic analogs and
the geological and tectonic history of the Yucca Mountain region. They include the following:

¢ Igneous events will be of similar nature to the Pleistocene volcanoes of the
Yucca Mountain region and particularly the most recent volcano, Lathrop
Wells. That is igneous events will occur as small-volume basaltic volcanoes
that have effusion rates, power, and duration similar to the Lathrop Wells
volcano. The occurrence of high power and volume and long duration
volcanic events involving felsic ash flows typical of those of Miocene age in
the Yucca Mountain region are not supported by evidence.
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A portion of the duration of any volcanism will involve violent Strombolian
activity with plumes of ash distributed over the Yucca Mountain region.
Analogous with the Lathrop Wells eruption, fallout from a sustained eruption
plume are likely to result in ash falls extending to a few 10s of kilometers.
Multiple dikes including en echelon dikes are possible associated with an
igneous event. The dike orientation will be parallel to the maximum horizontal
compressive stress in the region, roughly spanning an azimuth from N to
N30°E.

The diameter of the volcanic conduit assumed by both the NRC and DOE has
a mean value of about 50 m. NRC anticipates a range in diameter of 25 to 75

m, while the DOE cites diameters from 15 to 150m.

e Any dike intersecting the repository will

repository.

~anoa

Parameter

Mean Value

Distribution

Walzcano modal {1- gaomeatric,
2 = distribuzion}

1

Time of naxt valranic event in region
af interast

5085 %107 VEArs

Finite exponential;

100.0, 10,000.0.

1.0 =107
¥ lacstion in rga_ien of intersst EAS = 10° m -
Y lacation in ragion of interast 408 = 10" m -
Random number to determing f extrusive EDO0 = 40" Unifarm; 0.0, 1.0
or intrusive vclcanic avent
Fraction of ime vaolcanic event is extrusive 0.89 = 10° —
Angle of volcanic cike measured from v.a0" Uniform; 0.0, 15.0
norh—clockwiza
Length of volcanic dike .50 = 10° m Uniform; 2,000.0,
11,000.0
Width of valcanic cike 550 m Unifaren; 1.0, 10.0
Ciameter of voloanic conduit 513 =10 m Uniform; 24 6, 77.9

Censity of air at standard pressura
Viscosity of air gt standard pressure

129 = 107 glem”
1.80 = 10 glem-g

Constant relating fall time to eddy diffusivity | 400 = 10° —
omisag™

Maxirmum particle diamater for 1.00 = 10" cm —
paricle transport

Min mum fuel particulats size 100 = 10" em =
Mode fual particulate size 100 = 10" cm —
Maxin-ury fuel parficulate size 100=10 “em —
Minimurn ash dansity for vanation with siza | 0.8 glem” -
Masiirura ash density far variation with size | 1.80 glem’ —
Minmum ash log diamster for 2.00 o
dengily varialion

Maxirmurn ash log diamster for -1.00 —
density variation

Faricle shape parameatear 500 = 107 —
Incorparation ratio 3.00 = 10 —
Wiind direction =90 —
Wind speed 1.20 = 107 emisec | Exponential, 8.2 = 107

Table 4.2 Igneous activity input parameters to total performance assessment. [After
CNWRA, 2004]
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Areas of disagreement between the DOE and NRC include:

o The DOE assumes a single eruption (monogenetic) volcanic event
associated with each dike approaching the surface. In contrast NRC supports
the possibility of multiple vents including the potential for flank eruptions from
a volcanic cone leading to satellite (secondary) eruptions of lesser intensity.

e The length of potential intruding dikes remains an issue of disagreement. The
DOE, on the basis of interpretation of dikes associated with Pleistocene
volcanoes in the Yucca Mountain region, indicates that dike lengths will be of
the order of magnitude of 1km. However, NRC considers a mean dike length
of roughly 6 km with a range from 2 to 11 km to be more realistic based on
dike lengths interpreted from both Plioc nd Pleistocene igneous activity.

e In the event of formation of multiple di OE has considered the dikes to
be of the order of 1 to 2 m in widt e NRC assumes a wider range
from 1 to 10 m with a mean of r;

5. Probability of Potential Igneo
5.1 Introduction
The second question of the risk

intersecting the proposed repository? ter 5. This questio
most comprehensively studied of all tho a Mountain and remains vexing

region and the impe i din i ses, it is impossible to
specify the time and loce
further complica the igneous event that may
r | as location). However, it is possible to
such an event within an area
encompass 2 rate can be translated into the

probability o i i i of the proposed repository and

The Environmenta
waste repositories (EPA,
Mountain repository (EPA, 20

ncy set the generic standard for geologic high-level
irmed, in the standard for the proposed Yucca

n event, such as an volcanic event, does not require
evaluation if the probability of oc ce is less than 0.01% in ten thousand years, i.e., less
than one chance in one hundred million (10®) per year. This is roughly equivalent to the
probability estimated for mass global extinction of life caused by the impact of an extra-
terrestrial body on the Earth (Crowe et al., 2006). Probability estimates for repository
intersection by an igneous event range from one part in a million to one part in a hundred million
(10 to 10°®), thus necessitating consideration of the consequences from such an event.

In evaluating the probability of an igneous event intersecting the proposed repository it is
important to understand the impact on the standards and the regulations for licensing the
repository of the change in the time of compliance from 10,000 years to a million years. The
Environmental Protection Agency’s (EPA) current draft revised standards for the Yucca
Mountain repository (EPA, 2005) and the NRC’s draft revised regulations (NRC, 2005b)
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prescribe that consideration of features, events, and processes (FEPs), which includes igneous
events, shall use the results obtained for the 10,000 years following repository closure. This is
based on the assertion that the data and models of the first 10,000 years provide sufficient
support to analyze performance during long time periods up to a million years without invoking
undue uncertainty associated with long term projections. As a result, the probability estimates
based on a 10,000 year repository lifetime that were made prior to the increase in repository
time of compliance remain valid and are discussed herein.

The logic diagram showing the major components that enter into the evaluation of the
probability of an igneous event intersecting the repository is shown in Figure 1.2 b. These
include results presented in the previous chapter regarding event definition and the number of
events that have occurred in the germane region over a specified duration of geologic time. This
evaluation also requires decisions regarding the number etected events and change in
number of events with time. Assumptions regarding v zone models and to a lesser extent
tectonic models also enter into the evaluation as in e logic chart (Figure1.2b).

It is useful to understand that the issue ili ism at Yucca Mountain
poses an interesting paradox. Crowe et al. i i diction. The small
volcanism near
Yucca Mountain will be low had there been m ere would be more
data on spatial and temporal patter j . i pothetical case
the risk from future volcanism would t i e Yucca

Mountain site. As discussed below, th
dramatically declined over time nic field represents a zone of very
low activity compared to @ Cima, CA and Springerville
AZ).

5.2 Spatial and Te

5.2.11n

The sp the Yucca Mountain region and their
absolute age | one and temporal models of igneous
activity used in predicti ili uture activity at the proposed repository site.

ace features, both volcanic cones or their

ples obtained from them, has been used to
accuracy. Detritus eroded from the topographic
highlands (ranges) has bee n the adjoining basins and may have buried igneous
event features. Fortunately, the rocks have a significantly stronger magnetization than
the alluvium in the basins. Thus, hidden basaltic features in the basins can be isolated by
magnetic (geophysical) mapping of anomalies. However, alternative sources of the magnetic
anomalies are possible. Thus, drilling on the magnetic anomalies or a representative of a group
of anomalies to test for the presence of basalt is required to complete the analysis. Basalt
samples obtained from the drill core are dated to determine the age of the feature. The
resolution of the magnetic method is limited, so that deeply buried, small, and thin basaltic
features may not be mapped by the magnetic method. Thus, undetected basaltic features may
be present in the region. Accordingly, the geographic location of surface and buried basaltic
volcanic rocks and their absolute age, and the possible presence of undetected features, are all
considered in estimating the probability of intersection of the proposed repository by an igneous
event.

Geologic mapping |
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2576 5.2.2 Surface Exposures
2577

2578 Figure 5.1 shows the locations of surface exposures of basalts in the vicinity of Yucca
2579  Mountain. At least four known pulses of basaltic volcanism have occurred (DOE, 2003) in the
2580  Yucca Mountain vicinity. These include the ~80 ka Lathrop wells cone and flows (Figure 5.2 A),
2581 ~1 Ma events in Crater Flat (Red Cone, Black Cone, Northern [Makani] Cone, and Little Cones)
2582  (Figure 5.2 B), and multiple events dated ~3—6 Ma (Pliocene-U. Miocene) and ~8—-13 Ma

2583  (Miocene). Other young basalts in the Yucca Mountain region include Little Black Peak (~0.3
2584  Ma) (Figure 5.2 C) and Hidden Cone (~0.4 Ma), 35 km northwest of Yucca Mountain.

2585

2586 The Lathrop Wells cone has undergone extensive research because of its relative youth
2587  and its proximity to Yucca Mountain. It is the only known i us activity that occurred near
2588  Yucca Mountain since the formation of the ~1-Ma-old-co rater Flat. Two large basalt
2589  flows occur east and south of the Lathrop Wells cone ere formed after an earlier

2590 Strombolian phase when ash and tephra were eject a cinder cone.

2591
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2594  Figure 5.1 Locations of basaltic volcanoes in the Yucca Mountain region. Letters and numbers
2595  are magnetic anomalies of high to moderate confidence that represent possible buried basalts.
2596  Drilling at “A”, “B”, “D”, “G”, 23P, and JF-3 (not shown-just north of 23P) has detected basalts.
2597  Map coordinates in UTM Zone 11 Meters, North American Datum 1927. [After Connor et al.,
2598 2002 and Coleman et al., 2004]

2599
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Pliocene-age basalt flows and several remnants of volcanic conduits occur in eastern
Crater Flat (Figure 5.3). Other Pliocene basalts occur east of Little Black Peak near Thirsty
Mountain, and at Buckboard Mesa on the margin of the Timber Mountain caldera. Large
exposures of Miocene basalts occur in Jackass Flats, at Dome Mountain in the Timber
Mountain caldera, and in proximity to the Black Mountain caldera. Miocene-age basalts also
occur in western Crater Flat, and as a dike complex in Solitario Canyon on the northwestern
flank of Yucca Mountain.
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Figure 5.3. Person at left is standing on a d
The distant cone at center is the Pliocene-aged B
figures at right are the eroded remnants of two

0 V iocene age (9.48 + 0.05 Ma) (Ziegler,
2003). Thi [ | eat i Another buried basalt was penetrated

northern Amargosa Dese
borne survey was made along

o optimize detection of buried basalts. The helicopter-
t flight lines at 60 m spacing. Over flat terrain the

terrain to insure the safety of the aircraft. In a presentation to ACNW in July, 2006, Frank Perry
(LANL) described the new survey as providing high resolution and broad coverage that allows
better interpretation of buried basalt vs. alluvium and tuff, faults beneath shallow alluvium, and
relationships between faulting and volcanic features (Perry et al., 2006). Based on the new
magnetic map, anomaly targets were chosen for further study with drilling using the following
criteria:

e Location with respect to impact on probability estimates (distance from repository,

impact on event lengths),
o Sampling of each major cluster or alignment of anomalies,
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2650 e Consideration of a range of potential ages based on differences in burial depth and
2651 magnetic polarity, and a

2652 e Balance of “high confidence” vs. “low confidence” anomalies (basalt vs. tuff).
2653
2654 Seven new drill holes were completed at locations of geomagnetic anomalies in Crater

2655 Flat, Jackass Flats, and the northern Amargosa Desert. Their locations are shown on the high-
2656  resolution magnetic anomaly map (Figure 5.4) together with selected existing drill holes and
2657  selected geologic features and the repository area. Table 5.1 summarizes the results of the
2658  drilling. Four of the seven drill holes penetrated basalt. Only in one case, Anomaly "Q," was
2659  unexpected basalt encountered (faulted tuff was the predicted source). Preliminary age

2660 determinations have been obtained revealing that three of the anomalies are due to buried
2661  Miocene basalt, one is due to Pliocene basalt, two are cau y Miocene tuffs, and one

2662  anomaly (JF-6) is probably due to faulted tuff (but it is p due to Miocene basalt).

2663

2664
2665
2666
Table 5.1. Summary informa or completed PVH rill holes
(footnotes are interpretations presented by:Perry et al.
Magnetic | Drillhole Locatio Magnetic ted Age (Ma)
Anomaly \ rce rce Thickness
\ Basalt (m)
A? USW VA- 2 ; Basa 148 / 62 ~10.1 Ma
= (Miocene)
Q° Tuf 41/>22 |~11.1 Ma
(Miocene)
JF-5° : Basalt 77 1>17 ~9.4 Ma
(Miocene)
JF-6¢ Likely tuff | Unknown | n/a n/a
11
¢ Usw T Tuff n/a n/a
o' USW VA-3 Tuff Tuff n/a n/a
G*® USW VA-2 | Amargosa | Basalt Basalt 119/ 31 ~3.8 Ma
Desert (Pliocene)
2667
2668 “Basanite represents a mafic magma composition not previously seen in the Yucca
2669 Mountain region; the drilled body may be an intrusive sill
2670 ®Anomalies “R” and “4” are considered an expression of the same basalt; possible
2671 stratigraphic correlation with basalts of VH-2 and southern Crater Flat
2672 “Basalt correlates with basalts in drill holes J-11 and Nye 23P
2673 dLikely due to faulted tuffs. Any basalt that may exist below borehole depth of 196 m is
2674 likely to be Miocene
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®Drillhole terminated in tuff at 200 m

'Similarity of magnetic signatures suggests that anomalies “L,” “M,” and “N” also
represent faulted tuffs, not a volcanic alignment

9Alignment and similar magnetic signatures of anomalies “H” and “F” suggest that these
likewise represent Pliocene basalts

Hill and Stamatakos (2002) presented a relative ranking of low-medium-high confidence in
the interpretation of buried basalts associated with magnetic anomalies. Their table of
confidence rankings (Figure 2-1), which is shown herein as Table 5.2, provides previous
rankings by the USGS (O’Leary et al., 2002) and by the expert panelists of PVHA (Geomatrix
Consultants, 1996).

A

Li T

Residual
© MNew Drill Holes Magnetic Field

@ Selected Existing Drill Holes I|I

Maormal
+1912

38°55' N

Bare Mountain

Fault

368°40' N

115";55' w 115‘12!]' W
Figure 5.4 High-resolution aeromagnetic anomaly map and locations of holes (solid white
circles) drilled to determine if the magnetic anomalies are derived from basalts. Solid red circles
indicate selected pre-existing drill holes that provide key constraints on the location of buried
basalt near Yucca Mountain. Qb=Quaternary basalt, Pb=Pliocene basalt, Mb=Miocene basalt.
[After Perry et al., 2005; Perry et al., 2006]
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2694

2695

Table 5.2. Previous Confidence Rankings for Anomalies Now Re-interpreted with Data from PVHA-U
Drilling and Dating [After Hill and Stamatakos, 2002]
Magnetic | O’Leary | Geomatrix Hill and Source Age (Ma) Notes
Anomaly | etal. Consultants | Stamatakos
(2002) (1996) (2002)
Cc

A 12 0.20° H Basalt (basanite) ~10.1 Ma

(Miocene)
Q 4 n/r® M ~11.1 Ma

(Miocene)
R 4 n/r L Miocene
4 4 n/r L Miocene

similar to Q
(2006)

~9.4 Ma
iocene)

n/a

n/a

n/a

Tuff - interpreted n/a
imilar to O by Perry
et al. (2006)
Tuff - interpreted n/a
similar to O by Perry
et al. (2006)
Tuff - interpreted n/a
similar to O by Perry
et al. (2006)
G 1 0.36 H Basalt ~3.8 Ma
(Pliocene)
F 1 0.37 H Basalt -interpreted Pliocene
similar to G by Perry
et al. (2006)
H 1 n/r H Basalt -interpreted Pliocene

similar to G by Perry
et al. (2006)

Relative confidence ranking (1 = highest, 4 = lowest)
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2721
2722
2723
2724
2725
2726
2727
2728
2729
2730
2731
2732
2733
2734
2735
2736
2737
2738
2739
2740
2741
2742
2743
2744
2745
2746

®Average confidence that the anomalies represent basalt
°H = high, M = medium, L = low
n/r = not recognized

The results of drilling on anomalies following completion of the 2004 aeromagnetic survey
reduce some of the uncertainty about buried basalts in the region and can be used to update
previous probability models. Consider, for example, dataset CFB_plio-quat-Mag (Connor et al.,
2002), which represents 29 Plio-Pleistocene events (dated basalts + 10 anomalies that were
assumed to be post-Miocene basalts) in the Crater Flat basin. The number of basaltic events in
this dataset is now reduced to 22 events by eliminating seven anomalies (A, I, L, M, N, O, and
Q). This would lower the apparent Plio-Pleistocene volcanism recurrence rate from 5.5 x 10/yr
(Coleman et al., 2004) to 4.2 x 10%/yr., which is also consi t with the Pleistocene recurrence
rate of 4.4 x 10/yr that is based solely on the eight kno ternary basalts that exist in the
Yucca Mountain region (Coleman et al., 2004). Thes s show that the new data will
influence some statistical-mathematical models by | probability of future repository
salt was found in Jackass
Flats at drill holes JF-5 and JF-6. If buried Pli n found there, that would

The occurrences of buried ba i surface basalts.
For example, the Lathrop Wells con i i d volcanic
event in an area of no prior activity, is g midway along a band of Pliocene
basalts that extend from Crz ied basalts of Pliocene age found

Some an: ili [ ivi Mountain (e.g., Geomatrix
i ' of basaltic events in the Yucca
f the 2004 high-resolution magnetic

survey was eed consideration in the analysis.
However, cons d the inherent ambiguity of potential field
methods such a the usefulness of the magnetic mapping. For

drill hole NC-EWDP-2
great and the magnetic

d beneath 400 m of alluvium. The depth is too
all to magnetically differentiate this deep basalt from its

, probably because it is a narrow and discontinuous
tabular feature (<1 m wide), and iva Canyon tuffs that were invaded by the dike locally can
have enhanced magnetization that can mask the magnetic signature of the dike. Failure to
detect these and other Miocene basalts that are deeply buried by alluvium or occur as narrow
dikes have no adverse effect on probability models that are based on the rates of Pleistocene or
Plio-Pleistocene volcanic activity. DOE in its evaluation of probability does consider Miocene
basaltic volcanism, but the NRC has in some of its analyses.

Coleman et al. (2004) argue that despite the report of partial burial of Pleistocene
volcanic features (DOE, 2003) in alluvial basins that under the arid to semi-arid climates of the
Quaternary Epoch erosion and deposition should be sufficiently limited to preserve the evidence
of any Pleistocene volcanic activity. Accordingly is unlikely that Pleistocene events are
undercounted. Their conclusion is supported by the results of the recent drilling that supports
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PVHA-U, which has not found any buried Pleistocene basalts. Most of the newly drilled basalts
are Miocene in age. Anomaly G, and by association Anomalies F and H, are now interpreted as
Pliocene basalts, which is consistent with the previous discovery of extensive buried basalts of
similar age (~3.8 Ma) at Anomaly B (see Figures 5.1 and 5.4). The depth of these buried
basalts is a function of their age, the elevation of the paleosurface on which they were
deposited, proximity to paleodrainage systems, and local sedimentation rates since the time of
volcanic activity. The buried Pliocene basalts occur at depths between 73 m (Anomaly B) and
119 m (Anomaly G). The buried Miocene basalts range in depth from 77 m (JF-5) to 400 m
(Nye 23P).

The rocks that comprise Yucca Mountain record an integrated tectonic-volcanic history
since the ~13 Ma tuffs were deposited by large-scale pyro ic flows and volcanic ash falls.
More than 20 years of intensive site characterization stu ve included detailed geologic
surface mapping, geophysical surveys, and constructi mapping of ~6 km of tunnels in or
near the repository footprint. Hundreds of surface varying depths have been drilled
in the Yucca Mountain site vicinity. Coleman et
dikes could exist in the repository footprint an

e site characterization.
oles are deep enough

they can locate basaltic sills. Aeromagnetic Ity locating basalts if
dikes are small, because of interference with hi i th anomalies
produced by faulted tuffs [Hill and finding basaltic
dikes include detailed mapping of dri

No dikes have been found in the po tprint at Yucca Mountain;, this is a

key observation. The ho i ears to represent a zone of
7 : volcanism has instead
mainly focused within with no evidence of post-

Miocene activity east o

would be expanc ist within that footprint, the
Solitario Can i the Solitario Canyon fault during Miocene
time.

5.2.5Cha

Rates of exte tic volcanism have significantly declined in the
four recognized episod i < yr (since late Miocene time) (Figure 5.5). There is
compelling evidence tha i waned in concert with this great reduction in crustal

at the ascent of basalt through the crust is structurally
controlled in the Crater Flat bas se volcanic vents form a northwest-trending belt that
coincides with the strongest transtensional (lateral and extensional) deformation in the basin.
The approximate temporal correlation of volcanism and rates of extension suggest that they
represent a single phenomenon—a tectonic system that may once have been among the most
active zones in the Great Basin, comparable to tectonism in Death Valley today. Fridrich et al.
(1999) interpret that the Crater Flat basin remains tectonically active, but is now in an advanced
stage of decline. Although the overall pattern is declining, extensional faulting has been cyclical
and has varied partly in parallel with episodic volcanism.
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Figure 5.5. Estimated extension rates in Cr.
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Figure 5.6 Age vs. volume of Plio-Pleistocene volcanic episodes in the Yucca Mountain region.
Figure includes buried Pliocene basalts in the northern Amargosa Desert. The diameter of the
circles is proportional to volume. The dot at far lower right represents Lathrop Wells. The dot to
its left represents Sleeping Butte. The small circle at 1.1 Ma represents the five Pleistocene
cones of Crater Flat. [After Perry, 2006]
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2812 The 80-ka Lathrop Wells volcano represents the youngest event in the vicinity of the
2813  Crater Flat basin. Fridrich et al. (1999) report that it lies between the southern ends of the
2814  Windy Wash and Stagecoach Road faults, the most active site of late Pleistocene faulting in the
2815 Crater Flat basin. They also report a close spatial and temporal relationship between sites of
2816  extension and volcanism throughout this basin. The occurrence of the three episodes of post—
2817  Miocene volcanism in the southwestern part of Crater Flat suggests that volcanism is less likely
2818  to occur at Yucca Mountain, which lies outside the transtensional zone in an area where no
2819  post-Miocene volcanism has occurred. Fridrich et al. (1999) reported that other geologic and
2820 geophysical studies provide corroborative evidence that areas of maximum extension in the

2821  southwestern Crater Flat basin correspond closely to volcanic source zones.
2822
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2828  Figure 5.7 Plo i and lava te (dots) for Plio-Pleistocene
2829  volcanoes of Volcanic ote that age determinations do not
2830 allow discrimina i ges gst the five Pleistocene volcanoes in Crater Flat,
2831 therefore they are p i ound 1 Ma. The eruptive products of SW and NE
2832  Little Cones are largely buri i apped by aeromagnetic anomalies [Valentine
2833 et al., 2006]; their volumes a ogether in this plot. [After Valentine and Perry, 2006]
2834
2835 Alternatively, Smith et ) and Ho et al. (2006) suggest that the volcanism in the

2836  Yucca Mountain region is related to a mantle zone of melt that extends from Death Valley

2837  through Crater Flat to Lunar Crater volcanic field roughly 100 km north of Yucca Mountain

2838  (Figure 5.8). They hypothesize that the episodic volcanism of the Crater Flat-Lunar Crater trend
2839  shown in Figure 5.9 is related to varying strain accumulation in the lithosphere and “...

2840  volcanism is not dead and another eruption peak is possible”. (Smith et al.,2002, p.9). However,
2841 the interpretation of the connection between the Crater Flat and Lunar Crater volcanic fields is
2842  questionable as a result of the geochemical studies of Yogodzinski and Smith (1995) and

2843  Yogodzinski et al. (1996) that show that the Yucca Mountain region and Lunar Crater volcanic
2844  rocks have fundamentally different mantle sources, with the source of the former being relatively
2845  “cold”. Accordingly, the Yucca Mountain region source may be unlikely to produce frequent or
2846  large volumes of basalt.

2847
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Figure 5.9 Time-event plot showing episodic nature of volcanism in the Crater Flat-Lunar Crater
zone. [After Smith et al., 2002]

5.3 Time Period Used in Extrapolation of Igneous Activity

The time period used to evaluate future volcanism in the Yucca Mountain region should
be reasonably representative of present-day geologic and tectonic conditions. For example,
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there is no evidence that the extensive felsic pyroclastic eruptions that formed the surface rocks
at Yucca Mountain ~13 Myr ago will reoccur. The dramatic decline in both tectonism and
basaltic volcanism over the last 11 Myr indicates that crustal conditions during post-Miocene
time (<5.3 Myr) are more representative of present-day conditions than of those that prevailed
during the Miocene Epoch. The last tuff-forming eruptions occurred in the region ~7.7 Myr ago,
depositing the Thirsty Canyon Tuff. There is also greater uncertainty about the actual numbers
of Miocene events because of concealment by younger volcanics and the longer time available
for physical erosion and burial by alluvium. In developing estimates of volcanism recurrence
rates, more reliable counts can therefore be made of Pliocene, and especially of Pleistocene,
events for extrapolation purposes (Coleman et al., 2004).

5.4 Controls on Occurrence of Igneous Activity

In developing a sound basis for estimating the p
Yucca Mountain repository, it is necessary to identif

ty of igneous event at the proposed
ikely areas of the Yucca

gma chamber and crustal
conditions favorable for the magma to rise to eded for basaltic igneous

activity to occur.

Yucca Mountain region using tomog
associated with the partial melts of the | 1992 and
1995). Unfortunately, these studies hav . mith (1995)
find a weak low seismic veloci at may represent crustal heating
beneath the basin. Howe ) -U panel that he has mapped
variations in seismic ve € [ tain region that he relates to
i i g ] e as a dehydrated root
anyon caldera complex

north of Yucca.M hat i ed to 2 ost-Miocene basaltic events
occur on the g ] her suggests that the waning volcanism is
more indic ooling of the system. His investigations
indicate tha ed the mantle underlying Crater Flat,
thus somewha perature, suggesting that the area may
be less prone to v er remote sensing techniques of isolating the

O’Leary (2001) described ' tectonic controls on basaltic volcanism near Yucca
Mountain. He noted that the ocene basalts near Yucca Mountain are transitional
alkaline-olivine basalts or trachybasalts, which are typical of other basalts of that age in the
western Great Basin. Such basalts are generally thought to originate as partial melts of
lithospheric mantle, uncontaminated by crustal components. Each volcano probably represents
a batch of magma collected from a resident equilibrium melt, with upward pathways being
provided by local tectonic conditions. Given the low rate of post-Miocene extension, O’Leary
(2001) proposed that present-day melt generation near Yucca Mountain would not likely be
influenced by decompression, and further stated that the small extrusive volumes are not likely
influenced by buoyancy.

Most of the volcanic centers originating over the past 5 Myr are located in Crater Flat basin

or in the Amargosa Desert. Some of the cones show a NNE-oriented alignment. This alignment
of small-volume eruptions, the relatively high volatile content of the erupted materials, and lack
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of crustal contamination or evidence of fractionation suggest that the magmas ascend directly
from an upper mantle source along fractures influenced by right-lateral (dextral) transtension
(O’Leary, 2001). A tectonic model that treats Crater Flat basin and the Amargosa trough as a
graben/rift feature modified by dextral shear, and accounts for extension effects and fracturing in
the upper mantle melt zone, provides a mechanism for basalt rise through the crust as well as a
structural association with observed tectonic features. Consistent with the apparent waning
volcanism, activity should decrease over time as local magma reservoirs are depleted and the
magma solidification temperature is pushed to greater mantle depths with a cooling lithosphere
(O’Leary, 2001).

DOE (2003) summarizes stress conditions near Yucca Mountain. Along with faulting,
magma intrusion is an important component of worldwide al extension (Parsons and
Thompson, 1991). Yucca Mountain lies in the southern asin in the Basin and Range
province, which is undergoing active ESE-WNW exte oback and Zoback, 1989). The
crustal stress in the Yucca Mountain region has be ted using hydraulic-fracturing

mechanisms and fault-slip orientations (Stock es tend to strike orthogonal
to the direction of the least compressive ho to the direction of the
greatest compressive horizontal stress (Polla the greatest
compressive horizontal stress in the Yucca Mountai i N30E £15

degrees. Uncertainty in this orientati i ies i rement and real

The Crater Flat s the west by the Bare Mountain
fault (Figure 2.1) and o ats. Seismic reflection
surveys show that the de (Brocher et al. 1998). It

includes the Crater Flat i - . Mountain near the center of
the structural demain. : i the Crater Flat structural
basin, the str i

as ascending a steeply dipping fault may be

' ing on the depth of dike capture by the fault and
the dip of the fault pla i 3 endency to break out of the fault system and
propagate vertically at she ause of rapid changes in the magnitude and orientation
of the stress field. Therefore ci s are often located beside faults in the hanging wall of
the fault. The arcuate map pa e Pleistocene Crater Flat alignment may partly owe its
origin to this mechanism. The dip e Bare Mountain Fault shallows progressively northward
(Ferrill et al., 1996) and cinder cones along the alignment are displaced progressively eastward.
Basin and Range normal faults commonly grow by formation, propagation, and amalgamation of
smaller normal faults (Ferrill et al., 1999). This progressive fault growth commonly involves
development of en echelon fault systems with individual normal fault segments separated by
relay ramps. Ferrill et al. (1999) identified the Solitario Canyon fault and related west dipping
faults on the western edge of Yucca Mountain as one such set of left-stepping en echelon faults
produced by progressive deformation. The Pliocene vents immediately south and west of these
fault segments reflect this trend, forming a left-stepping array of vent alignments. En echelon
fault geometries may therefore provide preferential pathways to the surface for magmas
ascending along fault segments. Linear, north-trending magnetic anomalies intersect Northern
Cone, located in Crater Flat. These anomalies result from vertical offsets across faults that are
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arguably part of the same array of left-stepping normal faults. At the western edge of the
proposed repository, a Miocene-aged dike intruded a segment of the Solitario Canyon fault.
Such relationships indicate that the en echelon array of faults has hosted dikes at least three
times in Miocene through Pleistocene time.

Spatially, most of the Plio-Pleistocene basalts near Yucca Mountain erupted in basins
rather than on topographically high ranges. Basalts in basins include the Pleistocene aged
cones of Crater Flat, the Lathrop Wells cone, Pliocene Crater Flat, and buried basalts of
Pliocene age located by drilling (Anomalies B and G, and by inference, Anomalies F and H).
The clear preference for Plio-Pleistocene basalts to erupt in basins, the shortest path to the
surface for dikes, has been informally discussed by panelists of the ongoing PVHA-U. They
have requested that DOE develop a dataset of lithostatic ( burden) pressure variations to
compare with areas where past volcanism has occurred cca Mountain itself intrusions
may have been inhibited over the last 10-12 Myr by hi ck pressure compared to the
Crater Flat basin area to the west. Lithostatic press ovides information on likely
magma flow paths in the upper crust. In waning like the Crater Flat region, the
driving energy of the magma systems is low e i ressure variations may be

sufficient to help guide magma flow paths. s would hypothetically be
favored to occur in basins where the pressu lower rather than in
adjacent topographically high areas like Yucca investigated by

sensitivity of basalt intrusions and fa least principal
stress in extensional terranes such as tin the
absence of fault slip, lithostati : rusions into Crater Flat. However,
when faults were allowed 8 i ither Crater Flat or the central

There are _ r Yucca Mountain occurred in
the basins. | S i ' , volume (e.g., Reveille Range-Lunar
Crater) co ' i ith i re variations and, therefore, show a

ct future volcanism. Most are directed toward the
near real-time eruption of existi oes. These predictions are increasingly successful with

> echanisms of volcanic activity. However, consideration
of volcanic activity at the propo ca Mountain repository involves the likelihood, location,
and nature of new igneous activi at could intersect the repository over time frames of tens
and hundreds of thousands of years. In this section the methods of prediction are described
including the use of physical precursors, analysis of hypothetical linkages between volcanic
fields, and various mathematical and statistical methods that can be used to analyze past
spatial and temporal patterns of volcanism. The latter is the generally used method for studying
Yucca Mountain region igneous activity and thus is the primary focus.

5.5.1 Physical Precursors
The ability to predict future volcanic activity is uncertain, especially for regions where

volcanism has occurred sporadically over long periods of geologic time. Predictive methods are
mostly based on analysis of temporal and spatial patterns of past activity. Many volcanoes
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repeatedly erupt in one place over geologic time (polycyclic volcanoes). Examples include
Kilauea in Hawaii, Mount Suribachi, Mount Etna, Vesuvius, and the Cascade volcanoes (Mounts
Rainier, St. Helens, Hood, and many others). The main eruption of Mount St. Helens in 1980
was anticipated by real-time phenomena, such as an increase in seismic activity, changes in
gaseous emissions from the summit crater, and changes in the volcano’s topography. A large
area was evacuated around the volcano, but even so the speed and total energy of the eruption
was greater than expected, resulting in a larger area being affected and loss of life. Nine main
pulses of activity have occurred at Mount St. Helens in the last 40,000 years, with multiple
eruptions in each pulse (Tilling et al., 1990). There is no evidence that the basaltic eruptions
during the last 5 million years near Yucca Mountain were polycyclic (Valentine et al., 2006a).
They formed discrete cinder cones and associated lava flows. The most recent volcanic activity
near Yucca Mountain formed the Lathrop Wells cone and It flows that have undergone
extensive study (Zreda et al., 1993; Fleck et al., 1996; H tal., 1999; Nicholis and
Rutherford, 2004; Valentine et al., 2005).

As reported by Fridrich et al (1999) there.i lationship in the Yucca

their error budget and did not give proper.w i ittle Skull

Mountain earthquake. Later work by Save tinues to find that the principal
extension rate averaged ¢ i tantially less than reported by
Wernicke et al. (1998 2 [ [ inferred from the geologic
record. Likewise, Co . ¢ tha s 3 volcano younger than the

Lathrop Wells event di : currence rates have been
underestimated 3 itude. present-day strain rates do not support an

ivity, it appears there are no precursors
of activity that ca i e location and time of igneous activity. Other

Smith et al. (2002) and F 006) propose that the volcanoes near Yucca Mountain
are part of a larger zone of basaltic volcanism associated with a common area of hot mantle.that
extends from Death Valley northward to the Reveille Range-Lunar Crater (RLC) volcanic area
(Figure 5.8). Within this zone volcanism is of similar age and episodic, with three peaks of
volcanism: one between 9.5 and 6.5 Ma, the second from 4.5 to 3.5 Ma, and the most recent
between 1.5 and 0.5 Ma (Figure 5.9). Smith et al. (2002) report that volcanism in this zone is
relatively quiet at present, with only three eruptions in the last 80,000 years. Episodic volcanism
in the Crater Flat-Lunar Crater zone may be related to episodes of rapid strain accumulation in
the lithosphere. They concluded that a zone of hot, buoyant mantle exists beneath this zone
and provides a common driving force for magmatism. In other words, Smith et al. (2002)
propose that the magma that erupted in these volcanic zones had a common source.
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Volcanism recurrence rates in the RLC are approximately four times higher than in
Crater Flat near Yucca Mountain. Smith and Keenan (2005) suggested that the higher
recurrence rates in the RLC may occur in the future in the Yucca Mountain area. They further
suggested a need for additional geophysical surveys in areas beyond those covered by the
DOE’s new high-resolution aeromagnetic survey (Perry et al., 2006). They concluded that the
higher recurrence rates, along with data from future surveys, could result in a probability of
volcanic disruption of a repository that is 1-2 orders of magnitude greater than the EPA
guideline for consideration of disruptive events (i.e., one chance in 10,000 in 10,000 years, or
108/yr). Smith and Keenan (2005) suggested that the probability of repository disruption could
be as high as 107 /yr to 10/yr.

Linkages between the Crater Flat area and the RL
significant isotopic differences in their basalt compositio
and also because the RLC is more than 90 km distan
and Keenan (2005) have suggested that the isotopi

ve been questioned because of

, Yogodzinski and Smith, 1995),
a much larger volcanic field. Smith
s can be explained by

temporal patterns of past volcanis in insi might occur.

Most volcanic fields are only partiall is relatively
well-studied both in terms of surface e ures identified
with geophysical studies and Extensive field geology and

the proposed repository have

employed a ¢ icting events in existing volcanic fields. The
critical vari h ti emporal models developed from the
intensive stu egion and their products. However,
interpretation o es has Ied o differing input parameters to the
methodology and overing roughly two to three orders of magnitude

he probability of a future intersecting event is the

N(R,T )/T, the recurre hich is the number of igneous events within a specified
volcanic zone adjacent to or including the site of the repository over a specified time period
[N(R,T)] divided by the specified time period [T]

and the conditional probability of disruption within the footprint of the repository [a/], given the
occurrence of an igneous event,

a,/A which is the area of the footprint of the repository divided by the area of the
volcanic zone [A} used in establishing the number of igneous events. The conditional probability
of disruption relates the recurrence rate to the footprint of the repository and the area over which
the recurrence rate is calculated. Thus, the probability of a future igneous event intersecting the
repository per year at any time during the next 10,000 year period is
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P = [N(R,t)/T]x [a/A]
where the time duration (T) is given in years.

A variation on this methodology has been considered by Ho et al. (2006) that
incorporates procedures prescribed by the US Federal Aviation Administration for licensing
commercial space launches and reentry to limit risks to public health and safety.

The recurrence interval is based on the spatial and temporal distribution of events, which
in turn is determined from the volcanic, geologic, and tectonic history of the Yucca Mountain
region. It requires consideration of numerous components as illustrated in the logic chart (Figure
1.1b) including definition of the following

e anigneous event,

e the volcanic zone model which speci
region of similar volcanic feature

¢ the temporal model which spec
model zone mapped from surface
number of events that ¢

ertainty in P can be constrained by
d by assumed controls on the occurrence of events in
This is sometimes referred to as a Bayesian

incorporating dis
the equation for P
approach.

The recurrence rate tes the estimate of the probability of intersection and is
stimates of the recurrence rate (events per year) range
bution probability values vary from 10 to 10%. Thus, in the
rsection ranges from 107 to 10 per year.

from 10 to 10°° and conditional ¢
simplest case the probability of int

5.5.3.2 Locally Homogeneous Spatial and Temporal Model

Temporal models that describe the frequency of occurrence of an event include both
homogeneous and non-homogeneous models. Homogeneous models are based on a uniform
rate of volcanism over the specified duration of time over the area of the volcanic zone model. In
contrast nonhomogeneous models assume a non-uniform rate of igneous activity. Spatial
models employ identified spatial source zones which reflect the presence and nature of igneous
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events and assumed geologic controls, e.g., faults and topography, on future igneous events in
the zone. These source zones may consider nonhomogeneous, nonparametric models based
on the location of existing events and their limits may be smoothed using various functions to
describe the change in recurrence rate over the source zone.

Homogeneous Poisson models are commonly used to represent hazards from rare
events. A key assumption is that one can identify a region where the rate of occurrence of
volcanic events can be considered uniform in space and time over the period of interest. The
Poisson model provides a reasonable representation for the combined effects of multiple
independent processes, even when the individual processes may be non-Poissonian
(Geomatrix Consultants, 1996). Areas of interest are divided into non-overlapping zones within
which the frequency of intersection of volcanic events is ¢ ted. One zone might be a large
region with diffuse (background rate) volcanic activity, w ther zone might display more
concentrated volcanic activity. The rate of occurrenc mated from data from a zone. The
maximum likelihood estimate is given by the numbe d events in a time interval,
divided by that interval.

5.5.3.3 Nonhomogeneous Spatial

Parametric methods are mathemati [ at assume
that the distributions of the variables being ass to known families of probability
distributions. For example, analysi 5 the underlying distributions are

normally distributed and
While parametric techni

ing compared are similar.
e distributions violate the
re likely to detect

anic fields that represents the spatial density
ulting mathematical representation
linates of the field center, lengths of the
major and mine i (aximuth) of the major axis. Members of the 1995
PVHA (Geomatri sed.this method (and others), estimating the parameters
of Gaussian volcanic fi : e Yucca Mountain area.

Non-parametric method rom parametric methods because the model structure is
determined entirely from data. sumptions are made about the frequency (or other)
distributions of the variables being assessed. A histogram is an example of a simple
nonparametric estimate of a probability distribution. The Chi-square test is one of the most
frequently used non-parametric statistical tests.

Stochastic kernels are commonly used in density estimation. Connor and Hill (1995)
presented three nonhomogeneous spatial models for evaluating volcanic hazards. These three
models included kernel density estimation, spatial-temporal nearest neighbor density estimation,
and nearest neighbor kernel density estimation. Connor and Hill (1995) and Connor et al.
(2000) presented a geologic and statistical basis for probabilistic hazard assessment at Yucca
Mountain. Connor (2000) and Connor et al. (2002) developed software and accompanying data
sets that use kernel density estimators to calculate probability surfaces using the location and
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timing of past, discrete volcanic events. They used both Gaussian and Epanechnikov kernels.
The software by Connor et al. (2002) added several features, including the ability to represent
the length and orientation of dikes and vent alignments. Also, isostatic gravity anomaly data
could be incorporated into the analysis using a weighting factor determined by the user.

Coleman et al. (2004) used the software and data sets of Connor et al. (2002) to
evaluate numbers of volcanic events in the region that should have been expected if recurrence
rates were as frequent as claimed by some researchers. For example, some have claimed that
the probability of volcanic intersection at Yucca Mountain could be as high as 10%/yr. The
model and data sets of Connor et al. (2002) suggest that 40 to 192 eruptions should have been
expected in the region in the last million years if the probability is as high as 10®/yr. However,
only 8 events are known in all of the Pleistocene (1.75 Ma

5.5.3.4 Nonhomogeneous Temporal Model

Several investigators have used non-ho s. Ho (1991, 1992) suggested
that the rate of volcanic activity in the YMR w
could be modeled as a nonhomogeneous P, [ ibull function. Crowe

varying volume per volcanic event.
(Geomatrix Consultants, 1996).

The DC i, C ,

using PVHA outpt : nosed license application (LA) reposﬂory footprlnt
(the outline of the we and extended to include the probability of an

108/yr; 95" percentile = 5.5 x 10®/yr). It is expected
that if the repository layout expanded, that would be considered in the
documentation for a license appli . An update of the PVHA is now being conducted that
includes new information gathered since 1996, including the results of a basalt anomaly
exploratory drilling program.

The DOE had agreed to resolve the probability subissue with NRC by
“... providing in the Site Recommendation and License Application, in addition to DOE’s
licensing case, the results of a single point sensitivity analysis for extrusive and intrusive
igneous processes at an annual probability of 107, By agreeing to provide these analyses, [the
NRC] staff consider the probability subissue closed-pending, because the 107 analyses provide
a reasonably conservative approach for evaluating risks from igneous activity.” (Hill and
Connor, 2000 [p. 74]).

5.6.2 EPRI Analysis
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EPRI (2005) has adopted the PVHA (Geomatrix Consultants, 1996) probability value (i.e.,
1.6 x 10°® /yr, which is the expected frequency of volcanic intersection.

5.6.3 NRC Analysis

The NRC performance assessments do not use a range of values for volcanism

probability, but instead use the single-point value of 10'7/yr as the probability that a volcanic
conduit (extrusive scenario) could intersect a repository drift (Mohanty et al., 2004). The ACNW
has commented that instead of using a single value of probability in performance assessments,
the NRC staff should consider a range of estimates on the order of 107/yr to 10°®/yr based on
studies published by NRC and previous ACNW views. If t ff decides to use a single-point
value approach, the staff should document how this deci ill support a risk-informed review
of the consequences of an igneous event in a potenti e application. The NRC staff
responded that:

“...the significance of alternative conc ili s can be evaluated as

single values in performance calcul . ative probability value as

a baseline in calculations, staff can e f any available

probability value by simple comparison ntinues to evaluate

[ ed by DOE and
ic Volcanic

represent volcanism probability. : o be overly conservative — it
does not repres i ies near the upper limit of most calculated
probability r. : i oundi proach by the staff is inconsistent with
the risk-in i System Performance Assessment

if a repository were to b volcanism in the first 1000 years after closure. This is
: seen that mean doses decrease substantially after the

at a large fraction of the inventory of short-lived

000 years, diminishing the remaining activity in the spent

extrusive igneous events.

radionuclides decays during the
fuel and reducing possible doses

88



3294

3295
3296

3297
3298
3299
3300
3301
3302
3303
3304
3305
3306

— 7T
[| Inittating Time = 100 yr 1
2000 1 -

1500 [l -_

H S00 yr 4
1000 Y —

I 1000 ]

30 K -

I 2k ]

i L H F 5k £k K BX ESET ™

ﬂ [l La 1 1 l_ 1 l L l 1 l L l 1 L 1 I. 1 E. ]

] 2000 4000 E000 E00D 10000
Time {yr)

Conditional Dose (mSwyr)

0.0040

—— T T T T T T T T T
0.0035 £ I-\llllgmm us activity (probabliity walghtad)
Eo |

F I
oo | =
0.0025 |- E
0.0020 £ E

0.0015 |- ;

Expected Dose (mSviyr)

0.0010 £ E

0.0005 |-

Eody
0.0000 5 G T

4000 6000 2000 1IZIUUU
Time (yr)
Figure 5.10 (top) Mean isi eous \\own with various times for
the volcanic eve izations. ution of extrusive igneous activity to the
total dose, we ili Icanic event of 107 /year. [After Mohanty

Notes

Source

Based on two estimation methods:
one based on rate of magma
production in the Nevada Test Site
area and a second using the
number of volcanic vents over a
specified time period.

Crowe et al. (1982) | 10™/yr to 10°%/yr

Smith et al. (1990) | Assigned the site of the Based on a proposed qualitative
Yucca Mountain repository index of volcanic risk for areas in
to risk-category 3 the Yucca Mountain region. In this

index, risk level 5 is highest and 1
is lowest.
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Ho et al. (1991)

Probability not specified —
see notes

Estimated the recurrence rate of
volcanic eruption (not the
probability of intersecting a
repository). Values obtained:

5 x 10°/yr
5.9 x 10/yr
5 x 10%/yr
Crowe et al. (1993) | 2.6 x 10%/yr Median value of probability
distribution
Connor and Hill 1-5 x 10%/yr Range of 3 alternative models for
(1995) probability of an eruption (volcanic
conduit intersecting the repository)
Crowe et al. (1995) | 1.8 x 10%/yr alue of 22 alternative
Geomatrix 1.5 x 10%/yr requency of intersection

Consultants (1996)

5.4 x 10"%%yr to 4.9 x 107

Ho and Smith 1.4 x 107/yr to 3.0 x ayesian methods
(1997)
Ho and Smith (1) 1.5 x 10%/yr rnative
(1998) (2) 1.09 x 10°®

2.83 x10%

Wernicke et al.
(1998)

(3) 3.14 x 107/yr

eologic record may

ability by an order of magnitude.
hrop Wells may represent onset
luster of volcanism that could
tinue over the next few tens of
thousands of years.

Savage (1998)

Savage (1998) countered the claim
of anomalous strain reported by
Wernicke et al. (1998), and
reported a N65°W strain rate of 8
+20 nanostrain yr'. He concluded
that Wernicke et al. (1998) had not
included monument instability in
their error budget and did not give
proper weight to the effects of the
1992 Little Skull Mountain
earthquake. Later work by Savage
et al. (2001) continued to find that
the principal extension rate is
substantially less than reported by
Wernicke et al. (1998), consistent
with the low extension rate inferred
from the geologic record.
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BSC (2003a)

1.7 x 10%/yr
5" percentile = 7.4 x 10™"%yr
95" percentile = 5.5 x 10%/yr

Revision of probability based on
change in area of proposed
repository footprint for License
Application

CRWMS M&O 2.5 x 10%/yr Sensitivity analysis that

(1998) conservatively assumes all
aeromagnetic anomalies in
Amargosa Desert have Pleistocene
age (less than 1.75 Ma)

Connor et al. 108/yr to 107 Iyr Use of diffusion-based model with

(2000) gravity weighting, and use of data

sets th
ano

D

assume most magnetic
represent post-Miocene

Hill and Connor
(2000)

107 1yr

considered the

obability issue closed-
on DOE agreement
ing this value

olcanis
pending bas
to evaluate ris

Hill and
Stamatakos (2002)

Up to an order of magnitude
increase in the probability ©
volcanic disrup
Compared to Conn
(2000), this infers
probability. up to 10

et al.

Smith et al. (2002)

ith et al.
Smith

al basaltic
esented by

At least ten addi
volcan may be re
nev ymagnetic anomalies in the
ountain region. first-
effect on probability models
nge from negligible, to an
agnitude increase in
ence rates

ord
could
der of

P !
nic rec

etrologic.arguments suggest that
| recurrence rates of volcanism used
by DOE and NRC may be under-

timated and that higher rates
h« al of the Lunar Crater—Reveille

of the Crater Flat—Lunar Crater

one may be applicable to Yucca
Mountain. If models of hot mantle
are correct, another eruption peak
is possible.

ACNW (2002)

in its performance
assessment is reasonable.
New information from
recently completed
aeromagnetic surveys needs
to be evaluated more fully to
determine possible changes
in the appropriate probability
range.

ACNW letter dated August 1, 2002

Detournay (2003)

No estimate provided

Analog evidence from recent (< 5
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Ma) igneous events that were close
to Yucca Mountain (Crater Flat and
Lathrop Wells) should be given
more weight than earlier or more
distant events.

ACNW (2004)

10%/yr to 107 /yr

Letter to NRC Chairman dated
November 3, 2004

Coleman et al.
(2004)

Expected value 5 x 10%/yr
with a 95% upper bound of

Claims of high intrusion frequency
(i.e., 10°/yr) fail tests of volcanic
recurrence in the Yucca Mountain
region; analysis conservatively
-15 magnetic anomalies
iocene buried basalts

1% 107 /yr
Mohanty et al. 1 x 107 /yr
(2004; 2005)
ACNW (2005) 10%/yr to 107 /yr

ider a range
rof 107 /yr

NRC (2005a)

single value only — no
ity range was used

EPRI (2005)

adopts the PVHA
ity value (the
cy of intersection)

Smith and Keenan

(2005)

letter: “As an alternative (to using a
probability range), the significance
of alternative conceptual probability
models can be evaluated as single
values in performance calculations.
By using a representative
probability value as a baseline in
calculations, staff can evaluate the
risk significance of any available
probability value by simple
comparison to the baseline value.”

Ho et al. (2006)

No probability specified.

The authors present a strategy to
evaluate “hazards areas” based on
a debris-fall model developed for
the space transportation industry.

PVHA-Update
2007

Work by expert panel is in
progress. Final report not expected
until 2008.
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5.7.1 NRC Analysis

NRC staff has not clearly adopted a preferred time period for extrapolating the future
occurrence of volcanic events. Connor et al. (2000) state: “The proposed high-level radioactive
waste repository at Yucca Mountain, Nevada, is located within an active volcanic field.
Probabilistic volcanic hazard models for future eruptions through the proposed repository
depend heavily on our understanding of the spatial controls on volcano distribution at a variety
of scales. On regional scales, Pliocene-Quaternary volcano clusters are located east of the Bare
Mountain fault. Extension has resulted in large-scale crustal density contrast across the fault,
and vents are restricted to low-density areas of the hanging wall. Finite element modeling
indicates that this crustal density contrast can result in transient pressure changes of up to 7
MPa at 40 km depth, providing a mechanism to generate pattial melts in areas where mantle
rocks are already close to their solidus. On subregional , vent alignments, including one
alignment newly recognized by ground magnetic map arallel the trends of high—dilation
tendency faults in the Yucca Mountain region (YMR cent of vents in the YMR are part

particularly at fault intersections, and leftst n echelon fault
res persistin the Y

ents adjacent to Yucca
day, indicating that

DOE, staff had identified the probability subissue. ...To
address these concer subissue by providing in the

of a single point sensiti ) ) eous processes at an annual
probability of 10 eing ses, staff consider the probability
subissue clo : ) 56 ) ovide a reasonably conservative

¢ . eological Survey recently completed a
large-scale aero i ca Mountain region. Interpretations of this survey

olcanoes in the Yucca Mountain region than
previously recognized. Additi oes also may be present but undetected within

proposed repository site due to relatively low resolution of
the aeromagnetic survey. Witf t information on the age and composition of these buried
volcanoes, associated effects on probability models and risk calculations are highly uncertain.
The potential risk significance of this uncertainty ranges from negligible to an order of magnitude
increase in the probability of volcanic disruption of the proposed repository site. This uncertainty
can be reduced through drilling of anomalies likely to be caused by buried basalt, and to a
lesser extent by additional ground magnetic surveys. At present, the range of uncertainty in
these interpretations and associated new information clearly exceeds uncertainties and
information considered by the U.S. Department of Energy (DOE) during probability model
development in 1995. An update to the DOE probability elicitation appears necessary for
acceptable use in licensing.”

5.7.2 DOE Analysis
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The DOE has adopted the Plio-Pleistocene time period for extrapolation of events,
consistent with the approach by the majority of members of the 1996 PVHA expert panel.
Several members of that panel considered the Pleistocene to be the preferred time period for
extrapolation BSC (2003a [p. 113]). “The result of the PVHA [Geomatrix Consultants, 1996] has
been recalculated using PVHA outputs to account for the proposed LA repository footprint (the
outline of the waste emplacement area) and extended to include the probability of an eruption
within the proposed LA repository footprint, conditional on a dike intersection. A conceptual
framework for the probability calculations, based on PVHA outputs and subsequent studies,
accounts for deep (mantle) and shallow (structural control) processes that influence volcanic
event distribution and recurrence rate in the YMR [Yucca Mountain region]. The framework
presented here emphasizes the close correlation between the distribution of volcanic events
and areas of crustal extension and faulting in the YMR, and«within this context, the
appropriateness of volcanic source zone boundaries defi the PVHA. It also emphasizes
the appropriate selection of parameter distributions th t probability models and provides
support for comparison of alternative scenarios and selection, within the framework
of the volcanic history of the YMR. Alternative by Connor et al. (2000) that

result in higher eruption probabilities (10'7 ver

epresent extrem es (e.g., event length)
| density) on spatial ibution while not
considering more defensible and observable co s (i.e., tal exten and structure).

such as cumulative crustal extension acro
to decreased event frequenci

structural domain would likely lead
state that the highest value (10"
‘ per year) cannot be

\ ated using alternative
probability models. The isi e of input parameters used
ally places their highest

the Crater Flat str i i (Geomatrix Consultants, 1996, pp. RC-5, BC-12,

) nalysis by the U.S. Nuclear Regulatory
e highest likelihood of future volcanic activity is in
[Sections 4.1.5.4 and 4.1.6.3.3; Figure 28]). The
rater Flat basin is the most extended (Ferrill et al.,
1996; Stamatakos et al., 1997; et al., 1999) and is the locus of post-Miocene volcanism
(Fridrich et al. 1999; Reamer 1999). Therefore, the volcanic source zones defined in the PVHA
(Geomatrix Consultants, 1996 [Figure 2-5]) are consistent with the tectonic history and structural
features of the Crater Flat structural domain.”

Commission (NRC) also
southwestern Crater Flat )
southern and southwestern p

5.7.3 Probabilistic Volcanic Hazard Analysis (PVHA)

The Probabilistic Volcanic Hazard Analysis (Geomatrix Consultants, 1996 [p. 4-14]):
“The results of the PVHA analysis are that the aggregate expected annual frequency of
intersection of the repository footprint by a volcanic event is 1.5 x 10, with a 90-percent
confidence interval of 5.4 x 107"%/yr to 4.9 x 10®. The major contributions to the uncertainty in
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the frequency of intersection are the statistical uncertainty in estimating the rate of volcanic
events from small data sets and the uncertainty in modeling the spatial distribution of future
events. Although there are significant differences between the interpretations of the 10 experts,
most of the uncertainty in the computed frequency of intersection is due to the average
uncertainty that an individual expert expressed in developing the appropriate PVHA model.”

5.7.4 DOE Igneous Consequence Peer Review Panel (ICPR)

The ICPR panel did not evaluate the probability of future volcanism at Yucca Mountain.
They did provide conclusions and recommendations that relate to evaluating probability.

Detournay et al. (2003): [p. 19-20]: “There are ten k
Yucca Mountain region younger than 5 Ma, and seven b
aeromagnetic surveys up to 1995. This gives a sum o
assuming, for illustrative purposes, each anomaly r

unburied eruptive vents in the
olcanoes were identified in
canic events over the past 5 Ma,
n independent volcanic event. If

the magnetic anomalies recently identified (Blak ‘Leary et al., 2002) represent
buried basalt flows or tephra deposits that are hen the total number of
post-Miocene vents is ~30, roughly double the most recently
identified aeromagnetic anomalies are relati 1 Ma) with eruptive
volumes ~ 0.05 km?, then eruption probabilities Alternatively, if the

individual anomalies are ~ 0.05 km?® or less. Fi [ tic anomalies)
are pre-Pliocene, eruption probabilities . inary conclusion is that until better
ion of buried basaltic lavas and
s of volcanism rate and

recommendations of thi anel i ) efine the ages and volumes
of the buried etic anomali

, or at least significantly better constrained,
pgical program.”

ive characteristics of the igneous event
considered is concerned ed all the literature available and conclude that the
the analog evidence from recent (< 5 Ma) igneous
events that have occurred clos ca Mountain] (Crater Flats, Lathrop Wells) be given
more weight than earlier events or those further afield — is entirely reasonable. We recommend
that further high-resolution geochronological work be performed to better constrain the ages of
exposed Pliocene and Quaternary basalts in Crater Flat as well as possible basaltic volcanic
rocks identified by aeromagnetic studies.”

[p. 77]: “The probability that a violent erupting mixture could follow dog-leg conduits,
thus potentially entraining a larger number of canisters, is, in our opinion, small and is more than
offset by the level of conservatism built into the existing estimates ... The Panel has not been
able to quantify the probability of a dog-leg conduit in any rigorous fashion, nor its effect on
canisters. The opinion expressed ... above was arrived at by combining our separate
independent views of where the upper limits would lie.”
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5.7.5 Electric Power Research Institute

(EPRI, 2005 [p. vii]): “There is evidence of volcanic centers near the proposed site at
Yucca Mountain, Nevada for a geologic repository for the disposal of spent nuclear fuel (SNF)
and high-level radioactive waste (HLW). This evidence indicates that potential future igneous
activity (i.e., an “igneous event scenario”) may be a factor in the assessment of post-closure risk
for the proposed repository. In 1996, a panel of independent technical experts for the Yucca
Mountain Project’'s Management and Operations (M&O) contractor .... conducted a study, the
Probabilistic Volcanic Hazards Analysis (PVHA) study, that estimated a mean annual probability
of an igneous event occurring at/near the Yucca Mountain site at 1.6 x 10°%/year [Geomatrix
Consultants, 1996]. This probability, though extremely low just above the 1.0 x 10%/year
regulatory threshold that had been established for the di of extremely low probability
events.”

[p. viii to ix]: “The objectives of this repo anion to EPRI (2004a), are to
analyze the intrusive-release case and determi ial i ct on repository
performance and safety, expressed as pro

[Geomatrix Consultants, 1996]. The tic eruptive

centers in the Yucca Mountain regio w-temperature
(~1010°C), high viscosity basaltic mag postulated by
the DOE, are the most representative ch igneous events. Lower
temperature implies lower on of the host rock and
contacted waste packa he high viscosity supports
the contention that suc acement drifts intersected

premature data be ) nates of the required parameters. For the reasons
discussed, we thin 3 g imate the risk of volcanism at the proposed Yucca

Ho and Smith (1998 he instantaneous temporal recurrence rate (at present
time) estimated from a PLP [pc process] is about 5.9 x 10®/year. Thus, the combined
temporal-spatial recurrence rate calculated for the 3-D NHPP [non-homogeneous Poisson
process] is between 1.36 x 10° and 3.54 x 10%/(year x km?). The recurrence rate obtained
based on a 3-D HPP [homogeneous Poisson process] (= 1.88 x 10”°) is in this interval. For this
study, the estimated overall probability of at least one disruption of a repository at the Yucca
Mountain site by basaltic volcanism for the next 10,000 years (= hazard) is: 1.5 x 10 for a 3-D
HPP; 1.09 x 10™ to 2.83 x 10™for a 3-D NHPP if A [recurrence rate] is estimated as 2.3 x 10
to 6.0 x 10* and 3.14 x 107 for a Bayesian approach. We also note that the hazard based on
an HPP and an NHPP are very comparable as long as the area of the sample region A (was
estimated as 1953 km? for the 3-D HPP) is bounded between 1035 km? and 2701 km?.”

Smith et al. (2002 [p. 9]): “A knowledge of recurrence rates is crucial to the calculation
of probability of magmatic disruption. We contend that there is more uncertainty in recurrence
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rate estimates than assumed by the DOE, the expert panel, and the NRC. Our petrologic data
suggest that volcanic fields in the Crater Flat—Lunar Crater zone are linked to a common area of
hot mantle. Also, we show that volcanism is episodic with a good possibility of a new peak of
activity occurring in the future. These observations imply that volcanism is not dead in the Yucca
Mountain area and that a future pulse of activity could have recurrence rates equivalent to those
recorded in the Lunar Crater—Reveille area of the Crater Flat—Lunar Crater zone. Specifically,
the DOE and the NRC have used recurrence rates of from 3.7 to 12 events per m.y. to calculate
probability of volcanic disruption (Connor and Hill, 1995; Crowe et al., 1998; Connor et al.,
2000). Based on our arguments, recurrence rates of 11 to >15 events per m.y. are possible.
Because higher recurrence rates raise the likelihood of magmatic disruption of the repository,
we recommend that future probability studies factor these higher rates into probability models.”

Smith and Keenan (2005) [p. 317-321]: “Perry e
additional volcanic centers discovered by the aeroma
of site disruption by about 40%. This number is a
cover the entire area.

Volcanic recurrence rates for the RLC
per million years, four times the rate calcul the Yucca Mou area. These figures are
minimum estimates because only 70% of th canic centers in the are dated.

A linkage between Yucca Mountain an impli i rrence rates may
occur in the Yucca Mountain area. Addi ed areas and

04] speculated that the 20
urveys would raise the probability
re because the surveys do not

e-Lunar

] are as high as 12 events

atement (NEI, 2006) titled “Common
Science Really Says.” This policy

: Viountain project and the NEI response
based on scie is. i activity), the cited concern is that “A

The NEI position is:

e A volcanic eruption t

e There hasnotbeenas
years.

e Millions of years of history show that the region surrounding Yucca Mountain is
becoming less volcanically active with time.

e Nevertheless, NRC is requiring that DOE analyze the consequences of such an event
and include this analysis in the repository performance assessment.

e Volcano itself likely to cause more harm than any radiation it might release.

olcanic eruption through Yucca Mountain in 10 million

5.7.8 Other Estimates of Probability
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Crowe et al. (1982 [p. 185]). “The calculated probabilities of volcanic disruption of a high-
level radioactive waste repository buried within the Yucca Mountain site of the NTS area are
exceedingly small (range calculated for a one year time period of 10 to 10°). These values
provide a numerical expression of the low past rates of volcanism in the region. However, there
are several precautions that must accompany the calculations: First, they assume that
volcanism is a random process although geologic studies on a global scale have shown that
volcanism is commonly nonrandom in both space and time. We have attempted to compensate
for this shortcoming by restricting the calculation parameters to a defined volcanic province and
by developing a method for determining the area ratio (a/A) based on the distribution of volcanic
centers. Second, calculated rates of volcanic activity (A) are averaged over a time scale of
millions of years. They are therefore relatively insensitive to short-term variations in rates of
volcanism. Such short-term variations may be less than or.on the order of the required
containment period of waste elements. Third, the calcul es of volcanism are based on
the past record of volcanism and not on a complete u nding of the future controlling
processes of magma generation. They were calcul limited number of data points
and are projected into the future assuming futur ill be same as in the past. Some
degree of confldence can be placed in this pr however the relatively uniform rate

of 1.7 £ 0.3 millimeters per year (1#) ear. Global
Positioning System and trilateration su baseline
across the proposed repositor S|te for h adi aste indicate that the crust

extended by 0. 7 to0.9x0 - nostrain per year), depending

“We sugg i observed contemporary

[strain] rate : i cca Mountain area is experiencing an
epoch of egrated strain across the Basin and

Range (leng e million-year time scale, but local
magmatic and province (Ie gth scale of ~100 km) may be strongly

clustered in both recurrence times or repose intervals of a few

thousand to hundrec or example, Fleck et al., 1996; Wallace, 1987]. If
the contemporary stra untain area is any indication, elastic strain
accumulation related to ay also be strongly episodic. An event of duration
100,000 years occurring eve 2ars would accord well with the overall tectonic and
volcanic history. If so, hazard s based on the local record of magmatic and tectonic
events alone would underestima e probability of such events occurring in the near future at
Yucca Mountain by an order of magnitude. For example, the anomalous strain could reflect the
development of a second line of north-northeast aligned, low-volume eruptive centers,
analogous to the cluster of events near 1.0 Ma on Crater flat, with the eruption of the Lathrop
Wells cone representing the onset of a cluster that would continue over the next few tens of
thousands of years (Smith et al., 1990).”

Savage (1998) [p. 1007b]. The claim of anomalous strain reported by Wernicke et al.
(1998) was countered by Savage (1998) who reported a N65°W strain rate of 8 20 nanostrain
yr'. He concluded that Wernicke et al. (1998) had not included monument instability in their
error budget and did not give proper weight to the effects of the 1992 Little Skull Mountain
earthquake. Later work by Savage et al. (2001) continued to find that the principal extension
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rate averaged over their 50-km geodetic array is substantially less than reported by Wernicke et
al. (1998) and is consistent with the low extension rate inferred from the geologic record.
Likewise, Connor et al. (1998) noted that the lack of a known volcano younger than the Lathrop
Wells event diminished the argument that volcanic recurrence rates have been underestimated
by an order of magnitude. Therefore, present-day strain rates do not support an order of
magnitude increase in hazard from tectonic or magmatic events.

Coleman et al. (2004) [p. 3]. The results show that a dike intersection rate of 10®/yr (one
expected per million years) is unrealistically high. “If this rate prevailed in the last million yrs, an
expected 40 to 96 volcanoes would have erupted in the YMR (or 80-192 without gravity
weighting). This far exceeds the 8 events known to have occurred in all of the Pleistocene (1.8
Myr), yielding a recurrence rate of only 4.4 per million year ividing these numbers by 10
reduces the time scale to 100,000 years. This time scal ecially interesting because we
can test whether the youngest-known volcanic event i gion, Lathrop Wells, began a new
pulse of volcanism, as suggested by Wernicke et al. r a dike penetration rate of 10
ing) volcanic events would
have been expected in the YMR in the last 10 . is known. We conclude that
claims of high intrusion frequency fail tests YMR at time scales of
10° and 10° yrs.”

“We consider that spatial and temporal
best available representation of tre

ism provide the
ism follows this

0 8/yr using the |
with zero gravity weighting, file “Quaternary a recurrence rate of 4.4 x 10°/yr (8
events in 1.8 Myr). Con3|d ing the stat { [ e frequency based on eight
events, a 95% upper co [ ency is 9.8 x 10®/yr [Pearson
and Hartley, 1970]. T
events in Crater Flat re
“We agree with C
~2—12 events/M rrence rates in more active zones, such
as the C|m : Our analysis raises doubts about claims

®/yr (on aver: . imple tests at four time scales.
Furthermore, ' ) at predict future penetration frequencies >2 x 10”/yr are

report by the NEA and the IAEA: “3.3 Disruptive events and human intrusion Disruptive events
— Volcanism at Yucca Mountain i y low probability event. With regard to volcanism, more
explosive rhyolitic eruptions can ¢ at the same time as basaltic eruptions (so-called
“bimodal volcanism”). That was discussed in the TSPA-SR. It is recommended that the
probability of bimodal basaltic-rhyolitic volcanism should be estimated and, if relevant, the
consequences should be analyzed. The IRT considers that the TSPA-SR adequately addresses
seismological influences and finds the analysis in line with other international studies.”

5.7.9 ACNW Observations of PVHA-U

The panelists participating in PVHA-U are incorporating new information available since
1996 in their estimates, including possible effects of lithostatic pressure variations that may
favor basins as sites for future eruptions. Based on our observations of PVHA-U proceedings,
most panelists appear to be placing greater emphasis on Pleistocene events rather than on
older events. Eruption cycles are being discussed, and fewer hidden events are now being
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considered based on the results of drilling of anomalies. There remains considerable challenge
in applying spatial and temporal models to a region where volcanism is so infrequent.

5.8 Summary

The volume of basaltic volcanism near Yucca Mountain has dramatically declined during
the last 10 Myr such that the Crater Flat volcanic field represents a zone of low activity
compared to other volcanic fields in the region (e.g., Cima, CA and Springerville, AZ). This
decline suggests that magmatic systems near Yucca Mountain are waning. Further evidence of
this lies in the declining maximum lava effusion rate and fissure length of Plio-Pleistocene
basaltic activity in the Yucca Mountain region. There are no precursory indicators that volcanic
activity is likely in the immediate future in the region.

Results of recent drilling on magnetic anomali
aeromagnetic survey have not yet been incorporate

wing completion of the 2004

ished estimates of the probability
er, the information from the
drilling should reduce some of the uncertainty i in the region and may
influence the statistical-mathematical mode i ini bility by lowering the

Both DOE and EPRI rely on ili expert elicitation
(i.e., ~2 x 10°®%yr). This PVHA is now b lished results
will not be available until 2008. ncerns, DOE has agreed to provide
(along with their licensing ca ’ g nsitivity analysis for extrusive and

activity, but use of a
estimates inherent to a
that the proba'

and consultants suggest
magnitude higher based on
ages between volcanism at Crater Flat

which reduce the numbe ed buried basalts of post-Miocene age. It is significant that
i ling magnetic anomalies in Jackass Flats. If buried
Pliocene basalts had been fo , that would suggest that the Plio-Pleistocene volcanic
zone of Crater Flat extends thro ucca Mountain significantly affecting the spatial models of
volcanism and increasing the modeled probability of future repository intersection.

The rocks that comprise Yucca Mountain record an integrated tectonic-volcanic history
since the ~13 Ma old surface rocks were deposited. No basaltic dikes have been found in the
potential repository footprint at Yucca Mountain despite more than 20 years of intensive site
characterization studies. It appears that the fault-bounded block that forms Yucca Mountain has
been a zone of relative volcanic quiescence during the last 10 Myr. Since that time volcanism
has instead mainly focused within the alluvial basins to the east, west, and south, with no
evidence of post-Miocene activity (younger than ~5 Ma) east of Yucca Mountain in Jackass
Flats.

100



3706
3707

3708
3709
3710
3711

3712
3713
3714
3715
3716
3717
3718
3719
3720
3721
3722
3723
3724
3725

|
Crowe and Carr 1980 ) i
Crowe et al. 1982 ‘ ggg’a%?ﬁ; ! J
' Cima
Disuption | 1 | [ Most active fields
Crowe et al. 1995 =9 mean
probanllty i E l Lunar Crater
Connor and Hill 1995 ! D;Eismgpa %'fl?gn [
i
 D—
Ho 1995 | : s |
Crowe et al. 1998 “ab";f,’{;”“i | :
Connor et al. 2000 Ba‘ﬂ;ﬂﬁ“d D:zgﬁﬁ’;" I Most active flelds |
(53 i et it L ‘I ot Tt —t—t
| PVHA aggregate distribution 5th% |Mean 95th% .
(Geomatrix,1996) * I + +
4 # Expert individual means | .
5l i
é‘ -]
=
3 i
e 2
ﬂ— ..
1 L -
0 ol 1 vl Lo vl T il Do EUHL 2 1 Lol AR RN
1012 10-1 10-10 10~ 10-8 107 10 10-5
Annual probability of intersection (events/year)
Figure 5.11. Co de tes of the probability of future volcanic intersection

of a repository at Mountain (from P et al., 2000).

6. Consequences o ctivity Intersecting Repository

6.1. Introduction

The final question of the risk triplet, If the repository is intersected, what are the
consequences of the igneous activity to the repository, to the stored HLW, and the impact of its
potential release to the environment upon humans?, is the subject of this chapter. The
consequences for future radiological exposures vary significantly among the hypothetical
scenarios for volcanic interaction with the repository (described in Sections 3 and 6). They
include an intrusive event, an extrusive (volcanic) event, and secondary breakouts of magma
from a repository at some distance from the point of initial intersection (“dogleg” scenario). The
logic flow charts, Figures 1.2c and d, show the components that enter into consideration of
these scenarios. The dogleg scenario is a variation of the intrusion scenario. As noted, the
potentially critical effects of quenching and solidification on waste packages and drift walls have
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yet to be evaluated by the DOE and NRC, but they do have the potential to limit the distance
that magma can penetrate into drifts, making the “dogleg” scenario much less likely to occur
than the other scenarios.

6.2. Effects from an Intrusive Event (Magma/Drift Interaction)
Many quantitative studies have been published on the basaltic magma involved in igneous
activity at Yucca Mountain. Some of the reports most pertinent to the present analysis of

magma invading a repository drift are discussed here.

6.2.1 Critical Magmatic Aspects

To evaluate the impact of a basaltic dike intersecti
approximate composition, volatile content, and viscosi
estimated.

roposed repository, the type,
€ magma must be known or

6.2.1.1 Magma Composition

nearby eruptive examples that have occurred i i Myr. Each

likely magma will be alkali basalt. Fo
and composition state:

“The base case che iti altie......... as derived.... through analysis
of 45 samples tak e La ] p Wells Cone is the
refore is considered an

temperature at or below a oupled with an overall low phenocryst content,

suggests the magma was its li s temperature. Magma water content had to have been
i a to have such a low liquidus temperature. Hence, the
following assessments are mac

“No magmatic water has a zero probability of occurrence. This statement reflects our
knowledge that very low volatile contents are rare. With 1 to 3 percent magmatic water, the
probability should be uniform, reflecting that this is the most likely range of water contents.
The probability should decrease linearly between 3 and 4 wt%, so that it is zero at 4 wt%,
representing the expectation that at about 4 wt%, basaltic magmas will crystallize before
reaching the surface to erupt.” (DOE, 2000 [p. 54])

“H,0 concentrations in the range 2.5 wt to 4 wt% with bulk mass H,O/CO, ratios around 6-
20 are representative.” (Detournay et al., 2003 [p.16])
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“These basalts may have water contents of 0-4 weight% and a wide range of thermo-
mechanical properties that reflect the water content and bubble (void) fraction.” (EPRI, 2003

[p. 2-9]).

The context of the last quote from EPRI is that the magma involved may be taken for a
range of processes to contain the stated amounts of water. That is, the original magma may
contain 4 wt% water, but upon degassing it may as a lava, for example, contain far less water.

It is also important to note that, besides water, basaltic magmas typically contain
significant amounts of CO, and SO, and lesser amounts of F and CI. There are no reliable
straightforward methods to estimate the pre-eruption concentrations of these volatile species,
although enough is known about CO; in basalt to know th ratio of H,O to CO, is commonly
in the range of about 6 to 20. Nicholis and Rutherford (2 ve corroborated the range of
estimates of water content with additional experiment es on samples of Lathrop Wells
lava involving phase equilibria.

In summary, the type of magma likely in the futu
chemical composition, and its volatile cont
exact basalt type and chemical composition i t the volatile content is
important to know well for several reasons fro izi e eruption to

gauging the rheology of the lava tha

Yucca Mountain, its

6.2.1.2 Magma Viscosity

bulk viscosity, which is a i i ids as in the work associated
with adiabatic expansion.

magmatic p our distinct phases of the magma,
each of which scosity. At depths greater than about 6 km the
anticipated mag ase with a viscosity of about 50 poise (5 Pa s, see
below). As the mag orm and this magma will be described by a
second viscosity. With t the bubble or gas phase becomes dominant with
dispersed fragments of g na, which is characterized by a third viscosity (see

fourth viscosity (see Figure 6.
crystallinity, particle content, or bt

ddition, within each of these phases temperature and
ble content will have an effect.

The approach of all parties has been to estimate viscosity from the bulk chemical
composition of the given basaltic magma at its liquidus temperature and the estimated amount
of water. The most important factors governing magma viscosity are chemical composition
(especially silica content), temperature, water content, and crystal content. Water and
crystallinity have strong effects on viscosity. Water lowers viscosity and crystals increase
viscosity. Bubbles can raise or lower viscosity depending mainly on their size. The effects of
other volatile species are mixed and, at the concentrations expected, not likely to be major
factors in deciding viscosity. The effect of crystals has generally been ignored in the Yucca
Mountain studies primarily because the associated lavas at, for example, Lathrop Wells contain
only ‘sparse’ amounts of phenocrysts, which are relatively large (~ 1 mm) conspicuous crystals
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3827  that grew at depth long before eruption. Phenocrysts in contrast to groundmass crystals are
3828

very small and grow in response to the sudden cooling or quenching attending various aspects
3829  of eruption.
3830
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for each stage are the governing

3831
3832 Figure 6.1 Schema
3833  magmatic eruptive colu
3834  approach to Earth’
3835 the ‘Bends.’
3836  the explos
3837  magma viscositi
3838 large contrast

ge of the eruptive process. Notice the
nd the late stage lava flows. (A) The
3839 early stage of Ci uption, schematically depicting explosive tephra and
3840  ash production lead anic cone and an ash plume. (B) The later stage
3841  of Cinder Cone eruptio agma has progressively degassed with
3842  approach to the surface a is dominated by the extrusion of highly viscous,
3843  sluggishly moving lava flow from the basal area of the cone.
3844
3845 The paucity of phenocrys
3846

ound in the lavas of the nearby basaltic magmas suggests
the pre-eruptive state of these magmas was at a temperature near the liquidus (~1000°C) and
3847

the magma contained 2-4 wt% water. Given these conditions it is straightforward to estimate
3848  viscosity using a number of reliable models. The viscosity of pre-eruptive magma is generally in
3849  the neighborhood of 50 poise (5 Pa s), although there is significant disagreement. This issue
3850  should be evaluated further.
3851

3852 Detournay et al. (2003 [Appendix A2.6.1]) give a detailed discussion of magma rheology
3853 at various stages in the eruption sequence, especially during the critical eruptive stages when
3854  the magma is saturated with vapor and contains bubbles. In terms of rheology, the central issue
3855 s the behavior of the bubbles and their size. Small bubbles act as rigid spheres and increase
3856

viscosity, sometimes to the point of introducing non-Newtonian behavior. Large bubbles are
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deformable and act to, in effect, lubricate the magma, thus reducing viscosity. The quantitative
difference between small and large bubbles is measured by the capillary number (Ca), which is
a relative measure of the energy (i.e., work) of viscous shear relative to the interfacial surface
energy (o) between vapor and magma. That is, viscous work is measured by the product of the
local shear or strain rate (G), a characteristic length scale, which is given by bubble radius (ry,),
and magma viscosity (4). The capillary number is then given by Ca = G r, y/o. The effect of
bubble concentration as a function of Ca on the relative viscosity of the magma is given by
Figure 6.2 Relative viscosity (u,) is the ratio of the viscosity of the mixture of melt and bubbles
(often called the psuedofluid) relative to the viscosity of the melt itself (i.e., melt free of bubbles).

Effect of Bubbles on Viscosity
I I I

g
in

[}
|

volume fraction bubbles

in

—

1072 107! 1 10
Capillary Number (Ca= G r, p]o)

r on viscosity is relatively
small. For s : ' spheres and viscosity is increased by at
most a fac .5. At the other extreme for large Ca (i.e., Ca

continuum, whi i eology This result, however also depends on the
bubble size distribu i ) g and, ultimately, the bubble concentratlon at the

continuum of melt (i.e., the bu
bubbles, the dominant viscosit ermined by the composition of the magma. The effects of
the bubbles themselves are not large. There is another effect, however, that has caused some
confusion in defining the dominant viscosity.

Magma viscosity is not only highly sensitive to chemical composition, including the
amount of dissolved water, but also to the concentration of solids or crystals in suspension.
Crystal content increases systematically with cooling from the liquidus (0 vol% crystals) to the
solidus (100 vol%). As the concentration of crystals reaches maximum packing at ~ 50 vol%,
the crystals interlock and the viscosity increases essentially without limit to that of an
assemblage of solids. This effect is shown in Figure 6.3 where viscosity is measured against
crystal fraction (P). There are many formulations available to calculate this effect and several
are used here to show the range of estimates. The most critical factor in each calculation is the
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point of maximum packing or critical crystallinity (®.), which is well known for magmatic crystals
to be ®.~0.55 (i.e., 55 vol.%). When the magma contains water, bubbles will eventually appear
as crystallization proceeds and these will also affect the viscosity as noted above.
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Figure 6.4 Magma phase diagram showing change in viscosity (u) as a function of temperature.
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The approximate liquidus and solidus for a basalt of this type is indicated along with a
curve, labeled basalt + crystals, showing the variation of viscosity for a magma of this
composition undergoing crystallization as it solidifies. This variation is in accordance with the
earlier results as presented above. Beginning at the liquidus, where the viscosity is about 100
poise, the viscosity increases strongly midway through the crystallization interval as the crystal
content approaches 50 vol.%. This is in contrast to the curves of Lore et al. that continue
smoothly through the crystallization interval and only rise strongly below the glass transition
temperature at about 700 °C, which is some 300°C below the solidus. The reason for this is that
Lore et al. assume that the basalt does not crystallize but becomes a glass (solid curve)
containing 20 vol.% crystals (dashed curve). Because they are interested in rapidly cooled lava
this is an appropriate approximation at sub-solidus temperatures. Their curves are, however, not
accurate near the liquidus nor within the melting range in ral. And because this is an
anhydrous (i.e., water —free) basalt, these results do not to the possible Yucca Mountain
magma at depth where it is expected to contain 2-4 w

6.2.1.3 Perspectives on Magma Viscosi

6.2.1.3.1 DOE Perspective

1. Homogeneous with small, fov
2. Bubbly flow with bubbles ri

1986).
DOE goesontoe

operative flow regime w
content, other ge

odeling as follows. The
1g, but not limited to moisture
and surfa e tension. Figure 6.5 shows the

phase equilit 3 ] ) i ed from the normal presentation,
together v i C ases. As the magma first encounters
a drift, it may 5 i and the magma front continues up the

or shear thickening ¢ i listed above (Detournay et al., 2003] [Appendix
2, p. 1 Figure 2B]). The [ o determine the effect of this uncertainty.
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associated phase equilibria diagram

on basalts near Yucca Mountain, EPRI (2005
ollows. Based on phase-equilibria stability diagrams

Using the expe
[p.3-1]) estimated magmz
(Nicholis and Rutherford,
temperatures <975°C for the L e samples and 1000-1010°C for the Lathrop Wells
samples. The corresponding visc es for this range of temperatures at repository depths are
10°-10" Pa-s (10°-10° poise) (Lore et al., 2000); Delaney and Pollard, 1982) and a magma
rheology characteristic of an aa flow (Soule et al., 2004).

The problem with this approach to estimating viscosity is that these temperatures cannot
be used directly with the above curves of Lore et al. because the liquidi of the hydrous Yucca
Mountain magma and the dry Snake River basalt are greatly different. With each magma at the
respective liquidus temperature, the Yucca Mountain magma will actually have a viscosity lower
than that of the Snake River basalt because the Yucca Mountain magma contains water. That
is, the Yucca Mountain magma at about 1000°C will have a viscosity about ten times smaller
than the Snake River magma at 1200°C.
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In terms of estimating the viscosity of the degassed Yucca Mountain magma, which may
form a glassy basalt through rapid cooling during ascent, the viscosity from the Lore et al.
curves at a temperature of ~1000°C would be about 10" poise. Under these conditions this
value may be correct.

6.2.1.3.3. Additional Comments on Magma Viscosity

The various possible rheological regimes experienced by hydrous basaltic magma as it
decompresses on approach to the surface are appreciated by all parties. But the application of
this information is inconsistent and, in some areas, confused. The central point of confusion
concerns the rheology of basalt as it degasses with ascent under isothermal conditions. That is,
the most sophisticated calculations show that basalt degas under adiabatic conditions will
ascend essentially isothermally due to crystallization. F us basalt beginning its ascent at
a temperature of about 1000°C, as has been suggest experimental phase equilibria, an
isothermal ascent will produce either rapid crystalliz nching to a glass (vitrification)
containing some crystals. In either case the visc ormously. Rapid
crystallization or vitrification occurs because t ins its final ascent at

ous basalt

4

12

Pressure (Kb)

Lathrop Wells Basalt
Phase Diagram

| ] ]
1000 1100 1200 1300
Temperature °C

Figure 6.6 Phase diagr
and Coleman, 2006]

ells basalt under dry and wet conditions. [After Marsh

a temperature (~1000°C) that i elow its low-pressure (i.e., near surface) solidus
temperature. This is illustrated in the Figure 6.6 (Marsh and Coleman, 2006). As the
concentration of solids (i.e., crystal) approaches that of maximum packing, which for basaltic
magma is at ~50-55vol.%, viscosity increases to ~10'® Pa s with complete crystallization. If the
basalt, instead, quenches to a glass, with a modest (~10-20 vol.%) amount of crystals, the
viscosity will become ~10' to 10'? Pa s, depending on the exact temperature. The attainment of
this condition is reflected in the lack of mobility of lavas from Lathrop Wells.

On the other hand, water-poor or anhydrous basaltic magma ascends along its high

temperature liquidus and erupts at near liquidus temperatures. The viscosity is very low, about
10 P s, and the magma is highly mobile. The bottom line is that hydrous magmas are explosive

109



4014
4015
4016
4017
4018
4019
4020
4021
4022
4023
4024
4025
4026
4027
4028
4029
4030
4031
4032
4033
4034
4035

4036
4037

4038
4039
4040
4041
4042
4043
4044
4045
4046
4047
4048
4049
4050
4051

as the gas exsolves and escapes, but the ensuing lavas are immobile. Dry magmas are not
explosive, but the lavas are highly mobile.

There is confusion in all of the modeling over the viscosity of the basalt in the near surface
regime. Either the magma is assumed to have its high-pressure, water-rich viscosity (DOE,
2004, p. 6-30]) or the magma is assumed to be unusually hot (~1200°C) and highly mobile.
EPRI (2005) does assume a high viscosity magma, but for incorrect reasons. In particular, DOE
states (BSC, 2004, p. 6-30-31):

“Many of the calculations used in this model are for magma less dense than 1300 kg/m?,
which consists of more than 50 percent by volume gas. The viscosity of such a mixture
is uncertain, so a viscosity of range of 10 Pa-s to 4 -s, equivalent to the pure silicate
liquid is used. The range of viscosities used in thi sis is derived from Detournay et
al. (2003, Figure 2-1e). Most of the results in t rt are for a viscosity of 10 Pa-s,
representing a fluid magma that would quick ifts and, therefore, a more
conservative condition from the perspecti

The Detournay et al. (2003 [Figure 2- in Figure 6.7 where the

assumed conditions of the calculation are th hich is near the dry
liquidus temperature, as opposed to about 100 i ountain wet
™
0 0
/ "
20 T=1150°C 0.6
o .
5 40 4 wt.% volatiles 12 =
= =
g £
2 60 18 &
§ (@)
from Detournay et al.
80 (2003, Figure 2-1e) 24
3.0

20 40 60
Melt Viscosity, Pa-s

e at 1150° C during near-surface ascent and degassing
[After Detournay et al., 2003].

Assuming this high temperature of 1150°C avoids having to consider the effects of
crystallization and vitrification. This result is an illustrative assumption and should not be
construed to represent the true rheology of the ascending basaltic magma. This can be seen by
comparing this assumed temperature to the phase relations shown by Figure 6.6. A more
meaningful calculation would put the magma starting temperature at 1000°C and, as it ascends,
follow it through the course of crystallization and/or vitrification, which can be done using Figure
6.3 from Lore et al. (2000). In this case, the magma viscosity reaches the much higher values
mentioned earlier of 10" to 10™ Pa-s.

There is a field example of what happens to basaltic magma when it tries to flow through a
narrow tube in rock that is relatively cold (251-256°C) compared to magma. In Iceland, on
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September 8, 1977, magma reached the depth range of boreholes in the Namafjail geothermal
field. Three tons of volcanic ash erupted through an 1,138 m deep drill hole, forming a tephra
sheet with a volume of 26 m® (Larsen et al., 1979). The drill hole was part of the infrastructure
for a hydrothermal field. The eruption lasted ~20 min. The borehole was cased to 625 m, had
an uncased diameter of 0.16 m, and the main producing zones were reported at depths of 638
m and 1038 m (Larsen et al., 1979). Tephra composition indicated temperatures at the time of
chilling of 1153-1158°C. Compared to lava at Yucca Mountain, this Icelandic magma was dry
and relatively mobile, but lava never flowed out of this borehole, which indicates limited vertical
rise of magma due to quenching on borehole walls and increasing flow resistance and viscosity
during ascent.

We use the short eruption time to estimate a lower li
assume that, after the initial pyroclastic phase, degasse
deeper producing zone and began traveling up the u
pressure-driven flow, and given an overburden pres

r the magma viscosity. We

a entered the borehole via the
section. Using Poiseuille’s Law for
x10” N/m?, viscosities for this
Pa-s), otherwise the velocity

of the liquid magma front would have been gr d seal the cased part of the
borehole in 20 min. This did not happen be tinued from this borehole
after the magmatic event. For comparison, p . 2002 and 2006)
assumed low viscosities of 100-1000 poise for as at Yucca
Mountain.

In sum, researchers must be con stimate the viscosity of Yucca
Mountain basalt as it ascend . There has been a tendency to
assume rheological prope as and dry, hot magmas,
leading incorrectly to th h highly mobile lavas. The
potential Yucca Mou i > ; saltic magma is
explosive, but relatively ‘ a is not explosive, but
highly mobile a

DOE [e.g., BSC , 2005) have considered many aspects of the

dynamics of dike propaga ow into drifts, magma-waste package interactions, and
ater i tion. For magma flow into a drift DOE uses various

coupled models, analytical and al, of fluid flow from the dike to the drift. The magma is
given a viscosity of 10-40 Pa-s, a e drift is filled in about 15 minutes. Effects of solidification
on magma rheology is mentioned, but not explicitly used in flow modeling. This analysis
suggests that waste packages may be softened, deformed, and corroded by the magma, but not
be easily moved, and glassy waste forms are unlikely to be significantly altered by the magma.
Yet because of the many uncertain facets of the process encountered in this investigation DOE
concluded (BSC, 2004, p. 6-111): “On balance, it would be proper to adopt the conservative
position that all waste packages and associated drip shields that come in contact with basalt
magma immediately fail.”
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6.2.2.2 EPRI Perspective

EPRI (2004) analyzed an extrusive release scenario for Yucca Mountain and concluded
that the waste package, if intact and still strong, can provide a significant barrier to inhibit the
volcanic release of radionuclides. EPRI analyzed several failure mechanisms, including a direct
hit on a waste package from below, and found reasonable expectation that no waste packages
would fail. EPRI (2004) therefore concluded that the expected consequence of an igneous
extrusive event would be no releases at all of radionuclides to the atmosphere. EPRI did note
that waste packages located directly within a magmatic vent could conceivably contribute
radionuclides during the Strombolian stage of an eruption.

Use of more reasonable (to them) assumptions in EP
emphasize the importance of igneous scenarios in esti
They suggest that DOE and NRC have used so man
evaluations that igneous scenarios have taken on
justified. They conclude that present DOE and
conservative, and reliance on more realistic s

2005) work lead them to de-
robability-weighted peak doses.
unding conservatisms in their
rent risk importance than is

would demonstrate an
ry reports, EPRI (2004;
that an intrusive or

is temperature was much lower
005) then used the viscosity-

» at it is at the liquidus of a water-rich
magma, means t i i i ow (or possibly lower) than that initially assumed by
EPRI and DOE. The [ given by Lore et al. [2000] is useful as an overall
indication of rheology fron [ , but it does not capture the detailed changes
due to crystallinity, wate Ik composition within the liquidus-solidus range for

7 ( Il be presented below.)

As mentioned already, Wood al. [2002] also analyzed the case in which magma diverts
along multiple emplacement drifts and into the main access drift from where it vents to the
surface. They concluded that intersected drifts could quickly fill with magma, and that a large
number of waste packages in the repository could be affected. They suggested that prolonged
magma flow through the repository, enveloping and bathing the waste packages, over days to
months leads to failure of waste packages and provides a mechanism to transport waste to the
surface. They did not consider the effects of solidification on rheology or of quenching on waste
packages.
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6.2.2.3 NRC Perspective

As mentioned already, Woods et al. (2002) also analyzed the case in which magma diverts
along multiple emplacement drifts and into the main access drift, from which it vents to the
surface. Intersected drifts could thus quickly fill with magma, and a large number of waste
packages in the repository could be affected. Woods, et al suggested that prolonged magma
flow through the repository, enveloping and bathing the waste packages for days to months
results in failure of waste packages and provides a mechanism to transport waste to the
surface. They did not consider the effects of solidification on rheology or of quenching on waste
packages.

ration of a shock wave, which

| experimental situation by which
ing a fluid under high pressure from
roduces a pressure wave with a

Woods et al. (2002) also suggested the possibility of
propagates through the drifts as the dike cuts the drift. T
to produce a shock wave is to puncture a diaphragm
a space at much lower pressure. Disruption of the di
discontinuity in pressure at its leading edge.

Shock waves have indeed been recor
volcanoes associated with island arcs such

olcanic eruption ell-established
Nguaruhoe in New and (Nairn, 1976) and

however, makes them ripe locations noes almost
always emit magma from a central su Atka in the
Aleutian Islands, for example t 300 m wide and 1 km deep that

has been periodically ob 2 i ith magma (Marsh, 1990).

Should the summit aree : which is commonplace, rising
magma along with the i re the volcano until it
suddenly ruptures. More olcanoes erupt high
crystallinity ma 5 vol. %: Marsh, 1981) where
the magma b orming an excellent plug at the summit.
Merapi vo : ondition (e.g., del Marmol, 1989). Thus,
large volca S i - summit vent are, in essence, almost

ideal shock wa i ucca Mountain would be distinctly

are available from field occurre or example, in the north wall of the east end of Wright
Valley in the McMurdo Dry Valleys, Antarctica, the leading edge of the dike associated with the
emplacement of the 300 m thick Basement sill is fully exposed (Marsh, 2004). Over a distance
of about 5 km the dike thickness increases progressively from 1 cm at the leading tip to 300 m.
A dike intersecting a subsurface cavity or drift will gradually open to its full thickness. Rapid
quenching of (most probably) low crystallinity magma along all margins will further impede the
rate of opening so that the pressure release will not be catastrophic, as with a punctured
diaphragm, but will ramp-up over a finite time and not allow development of a discontinuity in
the pressure field.

The scenario analyzed by Woods et al. (2002) creates a shock wave because of the way

the problem and simulation is set up. The imposed initial conditions (both geometric and
dynamic) essentially presuppose the solution. But it is the magma physics before the assumed

113



4205
4206
4207
4208
4209
4210
4211
4212
4213
4214
4215
4216
4217
4218
4219
4220
4221
4222
4223
4224
4225
4226
4227
4228
4229
4230
4231
4232
4233
4234
4235
4236
4237
4238
4239
4240
4241
4242
4243
4244
4245
4246
4247
4248
4249
4250
4251
4252
4253
4254
4255

initial conditions that actually determines the outcome. The proper portrayal of this part of the
problem (e.g., the gradual opening of a leaky fracture into a cavity) precludes formation of a
shock wave. BSC (2004) and EPRI (2004) also analyzed the possibility of a generation of a
shock wave and the found magma-drift interactions to be far less severe than those
hypothesized by Woods et al. (2002).

6.2.2.4 Summary of Views

A recent numerical analysis by Dartevelle and Valentine (2005) builds on the Woods et al.
approach but includes full time dependence, 2-D geometry, and a multiphase flow of steam and
pyroclastic particles. Although this work has attractive features in time dependence, spatial
deposition of particles, and spatial dependence of flow spe nd pressure, it also suffers in its
fixed (i.e., non-time dependent) 2-D geometry. A shock rms at the outset in response to
the fixed geometry and the initial conditions of the pre ontrast between the dike flow and
the drift.

Detournay et al. (2003) present an extensi us consequences at Yucca
nd a repository. In their
opinion, the probability that a violent eruptin

more than offset by the degree of conservatis i isti tes. They

se of major uncertainties
and much of the

00s m/s) and the thermal inertia of the
drifts are small (~5.5 m diameter) and
cool (100-300°C d stagnates on all it touches. By not considering realistic
scenarios for the therm a with tunnel openings, waste packages, and
tunnel walls, there is a'res ibility that important processes could be missed. This would not
] other processes (e.g., entrainment and eruption of
e overall seriousness of the magma disruption process
itself. A prime example in pre is the serious omission of the exceedingly common
phenomenon of magma solidifica and quenching. An explanation for this view is given below
after first describing the physical situation.

6.2.3 Number of Waste Packages Potentially Affected by Dike Intrusion

The extent to which a repository could be affected by a hypothetical dike intrusion depends
on how far magma could penetrate drifts before it solidified. As discussed in the preceding
section, this would be determined by the composition and rheology of the magma if it should
encounter tunnels. Both DOE and EPRI have performed quantitative analyses of the number of
waste packages that could be affected by hypothetical dike intrusion.

114



4256
4257
4258
4259
4260
4261
4262
4263
4264
4265
4266
4267
4268
4269
4270
4271
4272
4273
4274
4275
4276
4277
4278
4279
4280
4281
4282
4283
4284
4285
4286
4287
4288
4289
4290
4291
4292
4293
4294
4295
4296
4297
4298
4299
4300
4301
4302
4303
4304
4305
4306

6.2.3.1 DOE Analysis

DOE (2004) states that the rate of magma flow into drifts will be limited by the rate of
magma supply, except probably when the supply is very large (velocity on the order to 10 m/s)
and the magma viscosity is on the order of 40 Pa's. The time needed to fill 500 m of drift will be
on the order of 15 minutes given a magma velocity of 1 m/s. The time needed depends on the
supply rate, and the results can be linearly scaled to other drift lengths.

The presence of the drift will have an impact on the rise of the magma inside the dike. In
fact, the magma front may stop rising, and a steady state flow into the drift (total magma flow
inside the dike diverted into the drift) may be reached before it is completely filled. However, the
magma will rise several tens of meters above the drift before if fully invades it. Pressures in the
drift will be minimal (a few kilopascals) while the magma.i ing i

Uncertainty exists in the magmatic effects on ge integrity. Flow of magma into

movement of waste packages over large dist ckages to the high
temperatures and corrosive gases of the m i ected to enhance
corrosion.

Commercial spent fuel is expected [ mall particles
due to oxidation. Glassy waste forms a ignifi by encounter

DOE (2004) ' : ackages that could be
damaged in a potential ft i he ig i i
consequences,.extending i ged to nearly all waste

i dicates approximately 1600 waste
backages in the repository. DOE made

a dike, all of the waste packages located in that
ovide no further protection for the waste.

2. For a
that drift will fail.

The rationale for these assumg

1. Since the emplacement drifts will not be backfilled, there are no credible
mechanisms to block or mitigate the resulting effects from the dike intrusion upon the
waste packages.

2. The presence of backfill in ventilation drifts, access drifts, and turnouts will
serve as credible mechanisms, provided sufficient engineering is implemented, to
protect waste packages in emplacement drifts which are not exposed directly to magma
(i.e., drifts which are not intersected by a dike).
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6.2.3.2 EPRI Analysis

The results of EPRI’s (2005) analysis of hypothetical magma intrusion are summarized in
Table 6.1. Within the “red” zone they estimate that 0-6 waste packages could become engulfed
by magma intrusion in a waste emplacement drift. They further estimate that in the “blue” zone
14-24 waste packages could be significantly affected by heat and corrosive gases.

— Total Ne. of - -
Description | Extent of Candition of Condition of Alloy-22 WPOB and
Zane Waste Packages . ] ; Impact an Transport Properies
of Zons Tane {Bioth Directions) Cladeding Crripr Shield
(3125 Washs =20 -6 Failed Addiional considerabons: Fractured basalt
packapes from «  WPg are uriikely to fail by over o flowdhersian
mulf-:-:l by 'Lﬁfmu pressuizebon because of restmint | wepticn
Fr:fgilm Ly thie sxbsaral magrmats loed. )
s Crasp bailue (8 cong densd Sl =
urlikely as e magrme will prevent
sulficier stmair of e WP,
= Potenfial for DS displacernant by
magnea intrusion.
Blue | waste 3765 m 1424 Falled Al of the WPs in the Blue Zone’ are Cypairy e
peckages from end conservaiively assumsad to fail by
enpailencing | of Red Cresp.
gigrificant Zone {front " . .
themmal of magma Ackitional congdembons;
impacts indrusion) »  1-2WPs in e region mmedately
i franit of @n Introciing rragma
Flug, in addition a singks WP that
might be oy partially snguliad by
magmea plug, are ikely to fal by
over-pressurization.
o The hotest WPs meay baooms
sengtized and subject to
erancad gensal comoslon and
greater localized cormosion
suscephlality.
& Corrosion dus 10 volatile usss
will range from 0.1-1 men for the
10 hottesl WP,
= Drip shield dsplacement unikely
Table 6.1 Sun and specifically containment and

of t ree zones for the expected intrusive-

distribution from 1 to 1402 wa ge failures. Igneous activity causes the largest increase
in dose conditionally from both g dwater and airborne pathways, but the risk is still small
when the probability of the volcanic event is factored into the calculations. The probability-
weighted dose from igneous activity is approximately 3.6 uSv/yr [0.36 mrem/yr], which is greater
than the base case groundwater dose of 0.00021 mSv/yr [0.021 mrem/yr], but still small
compared to the regulatory criterion of 0.15 mSv/yr [15 mrem/yr] (Mohanty et al., 2004).

6.2.3.4 ACNW Comments on Magma Viscosity and Potential Dike Intrusion
The question of the number of waste packages involved in an eruptive event involves, in

part, the length of drift exposed to magma. Magma viscosity is the key to evaluating this
distance of magma penetration (Figure 6.9). If the eruptive material is pyroclastic debris, a local
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small subsurface cinder cone, in effect, would form and quickly plug the drift through
avalanching and welding. On the other hand, if the eruptive is low viscosity (e.g.~10? Pa-s)
lava, a significant distance of drift may become involved. The flow of lava through a drift can be
estimated by assuming flow through a pipe whose radius shrinks in time due to magma
solidification around the margins of the drift. A prime difficulty in performing such calculations is
in the proper choice of the viscosity of the lava. Given the magma composition, temperature,
volatile content, and crystallinity, the estimation of viscosity is straightforward (e.g., Marsh,
1981). Each of these characteristics can be estimated for magma similar to alkali basalt
erupted nearby at Lathrop Wells, but there is a major problem in using this approach. As will be
explained in more detail in the subsequent section, because of the suspected high volatile
content, this magma will undergo volatile saturation at depth (~5 km) long before it reaches the
surface and will begin devolatilizing and solidifying rapidly i proaching the surface. When the
degassed magma reaches the surface it will already be s 1-atm solidus temperature and
will be, in essence, a glassy paste-like material of en viscosity. This is strongly reflected
in the limited extent of the lava flows at Lathrop Wel .8).

1100°C

Pressures kb
L S

A

Figure 6.8. The solubility of volatiles in magmas is a function of temperature, pressure, and the
compositions of the liquids and gases. This diagram shows the solubility of water in basaltic
magma as a function of water pressure at 1100 deg. C. The pressure of another gas, such as
carbon dioxide, would decrease the solubility of water. At earth surface conditions (pressure =
1 bar) the solubility of water is virtually zero (vertical axis of diagram is marked in kilobars) [After
McBirney, 2007].
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The radial extent of the flow field at Lathrop Wells, shown in Figure 6.9 is about 1 km, and
the volume of the lava field is about 0.03 km?® (e.g., Heizler et al., 1999). Although the duration of
the flow is not known with any certainty, because of the nature of the flow the magnitude of the
viscosity controlling the flow can be estimated. The flow can be approximated as a gravity
current of viscous fluid spreading on a nearly flat surface (e.g., Huppert, 19820. This method
has also been used to examine lava dome and lava growth associated with the 1979 eruptive
event on Soufriere on St. Vincent (Huppert et al., 1982).

Approximating the radial spreading of lava as an isothermal viscous gravity flow is but one
of several mechanisms suggested that govern lava spreading and lava dome growth (e.g., Fink
and Griffiths, 1998; Griffiths, 2000; Lescinsky and Merle, 2005). The strength of the enveloping
crust, the internal yield stress, and the role of damming e toe of the flow may each also
dominate the flow at certain stages of growth or stage ling. Although the rates of radial
growth predicted by the various models are similar, me height over time tends to favor
growth controlled by the yield strength of the surfi n terms of revealing an effective

model yields a set of physical properties no in the oth odels, and additional, more
detailed, physical features added to a mo yield a better
model, for example, can be made to fit bette e effect of dammin e toe is larger or if the
va composition and
s of volatiles with
approach to the surface, the Lathrop !
well have attained a viscosity much

remarkably consistent with

is viscosity is
throp Wells as a gravity flow. On
estimate of viscosity be found,

The radial extent (R) of i f eleased magma is given by
(Huppert et al.,198

From these results and v aximum flow extent of ~1 km, the effective kinematic
viscosity of the lava is unusually large, being in the vicinity of about 10° to 10'° cm?s. The exact
duration of this ~80,000 year old flow is not known, but flow events of this nature generally last
about a month to a year. The aa character of these flows suggests a flux rate of about 3 x 10*
kg/s (Wood, 1980), which when used in concert with the observed volume suggests a duration
of about 30 days.

A significantly larger viscosity (2 x 10" poise) was similarly deduced by Huppert et al. (1982)
for Soufriere, which, apparently not believing the result, they ascribed to the influence of a high
viscosity skin or quench rind enclosing the lava. Although this effect may be important, the fact
that the Soufriere lava contains almost 50% (vol.) crystals is also a major factor in greatly
increasing the viscosity (Marsh, 1981), making the derived result clearly realistic. At Lathrop
Wells, although the crystallinity was not large, there is evidence in the steep flow fronts, the
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rafted well-formed vent blocks supported by the flow, and the degassing sequence of extrusion
(more below) that the viscosity was large. Together with the asymptotic character of these
curves the viscosity range noted above may well be reasonable and can be used in calculations
of magma travel distance.

2
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Figure 6.9 Rad ava field as a function of the duration of

the flow event.

cca Mountain repository, insight into the nature of
the magma likely to be i 2n gathered from the nearby alkali basalt cinder cones.
The almost universal tende ¢ to use a volatile-rich basaltic magma as the
characteristic magma involved eractions with the repository. This is the deep pre-
eruptive magma containing 2-4 wt.% water and with a viscosity of 50-500 p, making it both
explosive and highly mobile. Typical calculated flow velocities are 10-100 m/s (e.g., Woods et
al. [2002] estimated steady magma flow speeds of 10 m/s through a tunnel by assuming 2 wt%
water, isothermal flow without quenching, and a low viscosity of 100 p). This hypothetical lava
would flow a distance of 1 km in 10-100 seconds. A similar flow, assuming availability of enough
magma and a continuous downhill path, would reach the outskirts of Las Vegas (150 km) in as
short a time as 40 minutes. There is nothing in the character of the erupted lavas in the region
of Yucca Mountain that would suggest any behavior of this nature. On the contrary, the flows
from the cinder cones scattered throughout the region are exceedingly limited in spatial extent
(~1 km in radius). This limited extent is also not merely due to the limited volume of these
eruptions, although this is certainly partly the reason. For if the Lathrop Wells governing
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viscosity is reduced to 100 p (e.g., as in Woods et al., 2002), keeping the volume at 0.03 km?,
the flow would have traveled 5 km in about 2 days.

Altogether this suggests that, should alkali basalt of the general nature of that erupted at
nearby Lathrop Wells intersect and enter repository drifts at Yucca Mountain, the extent of flow
would be exceedingly limited, perhaps no more than 10 meters. Even based simply on the
nature of the flows at Crater Flat, the lava would be blocky and sluggish and advancement
would be difficult in a cylindrical drift, especially one filled with waste packages. It certainly
would not be a simple case of a viscous, non-solidifying fluid flowing along a pipe. And, contrary
to the analysis of Woods et al. (2002), there is no chance that the lava would undergo any form
of wholesale thermal convection whatsoever (Marsh, 1989; Brandeis and Marsh, 1989 and
1990; Hort et al., 1999)

Prior to the arrival of lava, however, the leading r
laden with gas and tephra. That is, should an ascen
encounter the repository, the already rapidly qu i
exsolution-induced quenching. Instead of flui
eventually fill it, as in filling a bathtub, a sm developing at the point of

the ascending dike would be
water-saturated basaltic magma
ill undergo even stronger

air-fall and radiant heat loss, allowing th ially anneal
together to form a mass of considerable strength. i [ on this mass
of cinders and tephra. This process wo i drift, sealing the point of
intersection, which would i ward to erupt on the surface or
simply seal off the dike of the dike that have already
reached the surface.

The initial of the ascending dike causes
a local de e pressure field driving the dike upward.

2 repository is small relative to the
surface area o typi length of , this ratio is ~107), this perturbation is
[ hin (~1-10 m wide) dike before (<~1 s) the rapidly
rface, short-circuiting the flow from the repository

ascending dike (~k
drift to the surface.

The formation of a plug
pressures on the dike side of o return to the initial pressure. The initial magma
pressure within a basaltic dike a ca Mountain would likely be in the range of 4.5 MPa to 8.0
MPa (i.e., ~1 MPa larger than the horizontal far-field stress at repository depth) (BSC, 2004).
The initial magma pressure can also be approximated by the lithostatic pressure at repository
depth (i.e., <7 MPa at 300 m, given a mean tuff density of <2400 kg m™®). This can be
compared to the expected strength of the tephra plug.

Schultz (1995) has measured the strength of the Cohassett basalt flow of the Columbia
River Basalt Group. Intact basalt at 20°C and at < 9 MPa confining pressure has a compressive
strength of 266 + 98 MPa, a cohesive strength of 66 MPa, and a tensile strength of ~14 £ 3
MPa. Basalt has shear strength in the range of 20-60 MPa. A welded tephra plug need only
achieve ~3% of the compressive strength or 1/3 to 1/8 of the shear strength of intact basalt to
withstand the full pressure that could be exerted by magma in an adjacent dike. A compressive
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strength of 7 MPa, for example, is more typical of clay soils than of rocks. Increasing
temperature into the melting range, however, significantly reduces the strength of basalt. The
strength of partially molten basaltic magma under tension has been estimated from a summary
of experimental and observational results by Marsh (2002). At ~50% crystals strength
increases from about 0.03 MPa to about 30 MPa at ~ 100% crystals and about 1000°C. For
compressive strength, these estimates increase by a factor of 10-20 (e.g., Jaeger and Cook,
1979). Although these estimates hold only for massive, intact material, fragmental tephra will
tend to tack together and form a continuum under these high temperature conditions.

The tephra plug also could not readily be pushed along the drift by either later higher density
tephra or magma. Tephra will tend to tack to the tunnel walls and waste packages/drip shields
and also be obstructed by waste packages aligned in serle ore important, perhaps, is that
tephra, being fragmental material at maximum packing any particulate medium at near
maximum packing, dilate upon shear and form a stiff g., Marsh, 1981). The net effect is
that, after a brief local perturbation, magma is most tinue flowing to the surface in

The extrusive scenar one-forming volcanic vent (i.e
conduit) with the repo om flow in dikes to vent flow
occurs early in an er In low-viscosity

and thermal erosic ide i iti e.g., Bruce and Huppert,
1990). A ke < - ic 1 dike is that the diameter of a vent is
much sme : > (1-5 km or more). Given a repository

and DOE (2003) assu ber of waste packages (approximately 1-10)
entrained within a conduit pletely destroyed and the contents carried to the

F sizes. The degree to which ceramic or glass waste
forms could be reduced to fine ate materials in a volcanic conduit is uncertain,
particularly during the first 1000 years when the waste packages and waste forms should still be
relatively intact. The manner and degree to which the fragments would be incorporated in
volcanic tephra is uncertain, but would involve the well-known phenomenon of magma
quenching.

6.3.1 Number of Waste Packages Potentially Affected by an Eruption

DOE has estimated that the median number of waste packages that would be disrupted in a
volcanic eruption scenario (i.e., intercepted by a conduit) is fewer than 10 (DOE, 2004; Number
of Waste Packages Hit by Igneous Intrusion). The NRC has determined that the number of
waste packages affected by an extrusive volcanic event would have high significance to waste
isolation because the consequences are directly proportional to how many waste packages
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would be intersected by an erupting volcanic conduit. Apparently due to the complexity of the
processes involved, neither the NRC (Mohanty et al., 2004) nor DOE (2003) rely on evaluations
of magma-drift-waste package interactions in any detail. They instead assume that a small
number of waste packages are completely destroyed and the contents are carried to the surface
via a volcanic conduit in a cone-forming event. Nevertheless, it is as yet unclear how or
whether the Alloy-22 waste packages or the ceramic or glass waste forms themselves would be
reduced to particles of respirable size, as is currently assumed by the DOE and NRC staff.

The number of affected packages is estimated based on observed conduit size at analog
volcanoes. Alternative models of how a volcano may interact with repository drifts and develop
a conduit could increase the number of entrained waste packages and thus increase the
concentration of radionuclides in erupted ash. The followi aterial is from NRC (2005a):

Normally, in the absence of subsurface drifts,
conduits along the vertical plane of magma ed on analogy with deposits at
active or deeply eroded volcanoes, the ined that conduit diameters
from 5 to 50 m represent the most like i or a potential future eruption
. In contrast, DOE

es form roughly cylindrical

considers potential conduit diameter low likelihoods of
ting volcanic
conduits have high temperature likely would
completely disrupt any waste pa ge di NRC, 1999;
CRWMS M&O, 2000b). Thus, 3 y waste
package entrained in.an erupting i Id reasonably fail to provide

and dilate surrounding wall
entially atmospheric pressure provides a
ical magma ascent, allowing flow

les (NRC, 1999; Woods, et al., 2002).

g 155 waste packages, an estimated average of
51 waste packages w ated along the alternative flow path. In contrast, a
ersect an estimated average of 4.5 waste packages
using the TPA Version . There is a directly proportional relationship between
the number of waste packages entrained and conditional dose (i.e., dose not weighted
by the probability of scenario occurrence). This sensitivity appears reasonable, as the
mass of high-level waste potentially entrained is relatively small compared to the mass
of magma. It is assumed that high-level waste is uniformly distributed in the mass of a
modeled eruption; thus, high-level waste behaves as a trace phase in the magma and
does not appreciably affect the transport characteristics of a modeled eruption plume
(NRC, 1999;CRWMS M&O, 2000b; BSC, 2003a).

In addition to alternative conceptual models for the magma-flow pathway, the number of
volcanic conduits created during an igneous event also is uncertain. Using vent location
information in Hill and Stamatakos (2002) and assuming medium-to-high confidence

magnetic anomalies represent buried volcanoes, it is estimated that there are 17 paired
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and 13 nonpaired volcanoes in the Yucca Mountain region; most volcano pairs occur in
alignments of three to five volcanoes. Volcano pairs have an average spacing of 2.0 +
1.3 km. Assuming that there is a uniform probability of one, two, or three volcanoes
intersecting the repository during a potential extrusive event, and that the overall
eruption character remains unaffected by the number of volcanic conduits, dose
increases by approximately a factor of two from this process.

The expert panel of the ongoing PVHA-U has been asked provide expert opinions about
volcanic conduit size in the Yucca Mountain region. However, the final report of the PVHA-U
proceedings is not expected to be available until sometime in 2008.

6.3.2 NRC Approach in Performance Assessme

The NRC approach to evaluating an extrusive ev
which is NRC’s “System-Level Performance Assess
Mountain Using the “System-level Performance
Yucca Mountain Using the TPA Version 4.1 C

cumented in Mohanty et al. (2004),
Proposed Repository at Yucca
e Proposed Repository at

emplaced at Yucca Mountain'is ¢ of 5,400,000
m? {approximately 5,000 m long Assuming an average of 7.89 MTU
per waste package ent nuclear fuel and other types
of wastes, such a h-level waste, approximately

ection of the conduit and potentially
transported to the ace (the ). The NRC/CNWRA staff has also
performed calculations.assuming { 00 waste packages could be impacted by an
extrusive event (Moha : dering eruptions from satellite vents in the TPA
4.1 analyses (Mohanty e staff assumed that a mean value of 51 waste packages
i and contained in volcanic ejecta.

Radiologic risks associated w olcanic eruptions are calculated in the TPA Version 4.1
code by modeling airborne releases of radionuclides for simulated eruptions. The volcanism
modules assume that a small number of waste packages become entrained in a developing
volcanic conduit (vent). These waste packages are assumed to be destroyed within the conduit
and their waste contents move upward with volcanic tephra to the land surface. At the surface
the mixture of tephra and spent nuclear fuel is ejected into the atmosphere, from which it settles
to form tephra deposits.

Igneous activity contributes to waste package failures for both extrusive and intrusive
events. As modeled, extrusive events result in the direct release and deposition of radionuclides
on the ground surface, whereas intrusive events contribute to releases to groundwater. In the
NRC performance assessment, an igneous event occurs between 100- and 10,000-years
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postclosure, with a recurrence rate of 1 x 107 per year. After the hypothetical volcanic event
penetrates the repository and exhumes spent nuclear fuel, the areal density of deposited ash
and radionuclides is computed at the compliance point.

6.3.3 EPRI Approach and Conclusions

EPRI has summarized their views regarding the potential consequences of future volcanism
at Yucca Mountain, if it should occur, are clearly stated in the executive summary of their report
on the intrusive release scenario (EPRI, 2005). In brief, EPRI has reached an overall
conclusion that there is reasonable expectation that neither an intrusive nor extrusive igneous
event in the Yucca Mountain region would result in doses exceeding those anticipated for the
case of no igneous event. EPRI has concluded that no fu activities need be pursued to
address the igneous scenarios. The summary from EP ) is quoted below:

There is evidence of volcanic centers near th site at Yucca Mountain, Nevada

(i.e., an “igneous event scenario”) m
for the proposed repository. In 1996,

ent of post-closure risk
ical experts for the

Analysis
(PVHA) study that estimated a of an igneous e occurring
at/near the Yucca Mountain site C B eomatrix Consultants, 1996]. This
probability, though extremely low, ) x 1078 /year regulatory threshold

ent of Energy, DOE, and its
1e U.S. Nuclear Regulatory Commission

the present AC . ). in-depth, independent scientific review conducted
by an Igneous Cc er Review (ICPR) panel of experts (Detournay et al.,

magma flow through unb 1 emplacement drifts is a credible possibility according to
Detournay et al. (2003). ateral flow would lead to contact, and possible
envelopment, of a limited number of “satellite” waste packages by magma away from the
main locus of the dike-drift intersection.

Thus, two principal variant cases for a given igneous event can be specified:
* The extrusive-release case in which magma rising vertically in the conduit contacts
waste packages in its path causing them to fail and possibly release radionuclides that

would subsequently be erupted with the magma at the surface with subsequent
radionuclide transport controlled by atmospheric and surficial processes, and
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* The intrusive-release case in which waste packages, either directly contacted by the
lateral flow of magma into the impacted drifts or indirectly affected by the elevated
temperature and potential release of volatiles species from the intruding magma, would
fail and release radionuclides via groundwater pathways at an earlier time than for waste
packages unperturbed by these localized effects from an igneous event.

Tuff — Magmatic Dike

Zone,” with significant th i i djacent “Blue Zones.” No
effects on the EBS ar S ES-1 of EPRI, 2005]

ing of the proposed Yucca Mountain
e case (EPRI, 2003; 2004a). This

realistic consideratio e and magma-waste form interactions (EPRI,
2004a).

The objectives of this re
intrusive-release case and
safety, expressed as probab

is a companion to EPRI (2004a), are to analyze the
mine the potential impact on repository performance and
ity weighted mean annual dose rate, for the latter scenario.

EPRI’'s analyses contained in this report adopt the igneous event probability of 1.6 x 10~
/year previously derived by the Probabilistic Volcanic Hazards Analysis (PVHA) panel
[Geomatrix Consultants, 1996]. The analyses also reflect recent data on basaltic eruptive
centers in the Yucca Mountain region that support the conclusion that relatively low-
temperature (~1010°C), high viscosity basaltic magmas, as opposed to the ~1200°C
magmas postulated by the DOE, are the most representative characteristics of future
igneous events. Lower temperature implies lower and less prolonged thermal-perturbation
of the host rock and contacted waste packages, and magma of much higher viscosity. The
high viscosity supports the contention that such magma will only partially penetrate into
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emplacement drifts intersected by the magmatic dike, thereby only impacting a limited
number of waste packages.

Partial intrusion of magma into emplacement drifts with controlled cooling and
solidification of the magma implicitly leads to development of three “zones” within the
emplacement drift (Figure 6.10):

* The ‘Red Zone,’ the area immediately adjacent to the rising magmatic dike and where
drip shields and waste packages are assumed to be fully engulfed by magma. The ‘Red
Zone' is characterized by displaced/ disrupted drip shields, thermally sensitized Alloy-22,
and spent fuel cladding that fails at the time of the igneous event,

* The ‘Blue Zone,’ the area just beyond the ‘Red Z
packages are not contacted directly by magma erience significantly elevated, high
temperatures. The ‘Blue Zone’ is characteriz drip shields, but failure of the

Alloy-22 waste package outer barrier and within a relatively short time
after the igneous intrusion event,

ere drip shields and waste

The range of the sp ckages in each zone are also
derived in this report. tha ) te packages in the ‘Red

Zone’ is extremely li i c o i xtensive, are still less

C lerm and radionuclide transport sub-model
in EPRI's » essment (TSPA) model, IMARC

nominal case followi i : waste package outer barrier. The potential for

favorable water diversi idi i nassive basalt around waste packages in the ‘Red
Zone' is shown throug itivi ses, but this potential contribution is also conservatively
ignored in the presented ana . -field sub-model calculations show that there is a delay

: g-term release rates for key dose-contributing
radionuclides (Tc-99, 1-129, Np- h-229) from the ‘Red Zone’ and ‘Blue Zone’ eventually
converge. The long-term release rates, on a per waste package basis, from both the ‘Red’ and
‘Blue’ zones are found to be higher (by a factor of ~40) than that for the nominal case (and
‘Green Zone’) because the time-dependent distribution of cladding failure would not be a factor
in these instances.

A set of IMARC analyses was conducted to investigate the total system performance
implications of the observations and analyses in each component of the system. First, IMARC
was used to explore conditional dose analyses (“conditional” in the sense that the probability of
occurrence of a magma intrusion event is set to one), to evaluate the dose consequences of the
magma intrusion. There is reasonable expectation that the magma will only affect some of the
waste packages in a drift intersected by a rising dike, with the remaining waste packages in the
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impacted drifts functioning in the same way as in drifts not intersected by the dike. In this
situation, the peak conditional dose from the affected part of the repository is smaller than that
produced from the unaffected part of the repository due to the small percentage of the total
repository waste packages that are impacted. If the probability of a magma intrusion is also
factored in, the contribution to overall probability-weighted peak dose becomes minuscule.

Even when a series of conservative, “bounding” assumptions are made (e.g., full penetration of
the magma into the drifts, and 100% of the drifts affected), the probability-weighted estimated
bounding dose rates from such a bounding event only rise to be on par with the peak dose rates
from the nominal case. It is, therefore, concluded there is reasonable expectation that magma
intrusion is inconsequential with respect to peak dose.

Combining this conclusion with that of the earlier EPRI
scenario (EPRI, 2004a) results in the overall conclusion
that an igneous event in the Yucca Mountain region, ei
in dose levels exceeding the levels anticipated for t
case. Given the above, robust conclusions reg
igneous scenarios to probability-weighted pe
that the DOE demonstrate that the probabili
comply with applicable regulations, EPRI ha tivities need be
pursued to address the igneous scenarios.

lysis of the extrusive igneous
re is reasonable expectation
trusive or extrusive, will not result
elease (i.e., no igneous event)

ent
Available information pro plausible fate of high-level
radioactive waste (HLW).i olcanic vent (conduit) and
transported to the surfz would probably not be
reduced to fine materi s need to be considered in

about a cen ' i 800°C. This is much higher than the

magma tempe in diameter has been found at the
Lathrop Wells co 1 at may have been transported from considerable
depth. The existenc s is further evidence that UO, pellets could be
expected to survive re shorter conduit travel distance. The time of
greatest hazard from a vo during the first 1000 years when waste packages and

Volcanic conduits would be icantly smaller 300 m below the surface at repository depth
than at ground surface (see Figure 6.11). This would minimize the number of waste packages
that could be intersected by a conduit. Lithostatic pressure keeps the opening smaller at depth,
whereas at the surface the vent periphery in the zone of fragmentation grows in diameter
through active erosion by expelled tephra.
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/ Densely welded spatter and dense basalt

QSOA‘ / ,/_ Highly agglutinated, densely welded spatter

Mederately agglutinated scoria

— Tack-agglutinated scoria

Elevation above sea level (m)

(3.7 Ma) basalt volcano. The degree of fusi
grades into dense basalt on the top of the but
1-4, 2006].

means that only one nuclear waste pack ‘ i entrained in the conduit, with
others becoming entrained i [ it at depth. Therefore additional
waste packages would k € [ S ion sequence. ltis also
possible that a condui i i i aration distance between

drifts, and although an [ . » s would be directly

than one minute. This allows li ime for erosion of ceramic pellets, but does permit rapid
quenching of magma onto 1 i old waste forms. The formation of a quench rind on
g their rapid transit to the surface. This protective
quenching effect in volcanic co as not been considered by NRC or DOE in their
performance assessments (Mohanty et al., 2004; Codell, 2004; DOE, 2003).

The relative volume of ash deposits vs. volume of scoria cone and lava flows can be used
to estimate practical limits on the fraction of ejected waste in the form of fallout that could be
available for fluvial and eolian transport. Waste incorporated in lava flows or tephra cones
would be protected from erosion and transport for many hundreds of thousands of years, as
demonstrated by the relatively pristine appearance of the million-year-old cones and flows in
Crater Flat near Yucca Mountain. Relatively little erosion has occurred even during the pluvial
climates of the Quaternary, when the climate of Yucca Mountain was significantly wetter than
today for most of the time. The 80,000 year old Lathrop Wells Cone is similar in dimensions to
the older Pleistocene cones. Bechtel/SAIC (2004) estimate the total volume of eruptive
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products at Lathrop Wells at ~0.09 km? (cone, 0.02 km?; lavas, 0.03 km?; fallout, 0.04 km?).
Therefore, the fallout comprised less than half of the eruptive products.

At Lathrop Wells, lithic fragments of conduit wall rock (tuff) are commonly found embedded
within the scoria that make up the cinder cone. The tuff fragments were eroded from the walls
of the volcanic conduit, vary in size from a fraction of a cm to 6 cm or larger, and have
quenched rinds of basalt. The wall rock fragments are so abundant that they have been used to
estimate the eroded volume of the Lathrop Wells conduit. The size of the lithic fragments
indicates that HLW fuel pellets could be expelled in similar fashion during the cone-building
phase of the eruption, intact and with protective quench rinds. The result is that entrained HLW
would be likely to remain in relatively large fragments that would be deposited in or near a
tephra cone, rather than as far-strewn, mobile ash.

6.4. Remobilization of Contaminated Vo

6.4.1 Introduction

Future basaltic volcanism intersectin ucca Mountain could
lead to eruption of contaminated ash to the sur violent
Strombolian eruption phase. The co ruction of the
waste packages within the volcanic cc ste into the

erupting magma. It is unclear how muc i be ejected
from the subsurface and to_w \ actionated, thus there are
differences in views abo ~ event. The discussion here

j during a volcanic event and
deposited in the draina ; J
transport by both water ' i he immediate vicinity of the

RMEI. Contami ited € [ vicinity of Yucca Mountain would not reach
the RMELI.

in region because the climate is arid to
semi-arid wi annual precipitation that averages
about 165 mm m infrequent regional storms, mostly during the winter,
and from localized s that occur primarily during summer months.
There are no peren lountain area, and even the larger streams in the

downstream from springs
intersects the land surface.
6.4.2 Characteristics of the Fortymile Wash Drainage System

Fortymile Wash is a fluvial system about 150 km long, that drains an area of 815 square
km on the east and north of Yucca Mountain. It is an important fluvial system because it drains
into the area near the RMEI where contaminated ash could be deposited from a volcanic vent
intersecting the proposed repository. Surface water at Yucca Mountain drains mainly eastward
toward Fortymile Wash, a tributary of the Amargosa River. The main tributaries to Fortymile
Wash are Yucca Wash, located north of the proposed repository, Drill Hole Wash, which drains
most of the potential repository area, and Busted Butte (Dune) Wash located south of the
proposed repository.
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Fortymile Wash crosses Highway 95 immediately east of Lathrop Wells (Amargosa
Desert) and continues southward, ultimately intersecting the Amargosa River. The Amargosa
River drains an area of about 8,000 square kilometers by the time it reaches Tecopa, California.
The mostly-dry river bed extends another 100 kilometers before ending in Death Valley.
Fortymile Wash has four distinct segments (Figure 6.12) with different morphologies: (1) a
broad northern area comprised of ephemeral streams (washes) that feed a central channel that
is incised in bedrock; (2) a central reach that deeply incises an alluvial fan of Plio-Pleistocene
age; (3) a segment near the intersection with Highway 95 that is referred to as the “active” fan
(northernmost part of the depositional basin); and (4) the remainder of the depositional basin
that consists of anastomosing channels that terminate at the juncture with the Amargosa River.

. lf__ Caehment
J Basin

Erosion 'rl

Figure 6.12 LANDSAT Them er image showing the Fortymile Wash drainage
system. The Pleistocene depos | basin has an Area of 136 km?. Map Projection: Universal
Transverse Mercator, Zone 11 North, in Meters. [After Hooper (2005), Figure 3-1].

The erosion, transport, and deposition of the sediments in Fortymile Wash are directly
related to the flow characteristics of the ephemeral stream and particularly to its flood
characteristics. Numerous continuous streamflow and peak-flow gauges have been operated
and monitored in the Yucca Mountain area. However, as of September 30, 1995 all but three
continuous and most of the peak-flow gauges were discontinued (DOE, 1997 [p. 3-14]). As of
September 30, 1997, the only continuous streamflow gauges operating near Yucca Mountain
were on Fortymile Wash near well UE-25 J-13 (“narrows” gauge) and near Amargosa Desert
(Bonner et al., 1998).
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The period of record for flooding in Fortymile Wash is less than 40 years. Waddell et al.
(1984) reported that the U.S. Geological Survey (USGS) has collected monthly crest-stage data
in the Yucca Mountain region since the early 1960s, using flood data from 12 crest-stage sites
to estimate flood characteristics in the region. Data from 1969 to 1993, from six gauging
stations are shown in Table 6.2.

The largest recorded flows occurred after a storm in February 1969, when the upper
Amargosa River near Beatty, Nevada, carried a maximum flow of 450 m®s. Squyres and Young
(1984) estimated that in Fortymile Wash this flood had an estimated discharge of 93 m*/s and
that the peak discharge may have reached 560 m*/s (Glancy and Beck,1998). The 100-yr peak
discharge for Fortymile Wash has been estimated at 340 m®/s (Squyres and Young, 1984).

Table 1-Z. Peak Discharges at Stream Gaging Sites in the Fortymile Wash Area
Peak Discharge (m*s) [1 m¥s = 35.3 fi*/s]
10251256 10251258
10251250 1251252 10251254 Dune Wash Fortymile
Fortymile | Yucca Wash | Drillhole Wash 10251255 Near Busted Wash Near
Wash at Near Mcuth at Meuth Fertymile Wash Butte Amargosa
Date Marrows (Tributary) (Tributary) Near Well J-13 (Tributary) Valley
January 25, 1960 —* — — — — 425
Fabruary 24-26, 1920 _ — —_ 570 — a3s
March 2, 1883 430 2.83 — 16.1 — 113
July 21-23, 1984 207 26.6 22.4 52.7 — 405
August 14-16, 1984 1.42 — — — — —
August 1820, 1984 19.3 088 1.22 24.4 0.40 105
July 19-20, 1985 0.33 0.0003 0.48 017 2.66 0.09
February 23, 1987 — — — — — 0.02
May 7, 1987 — =0.003 — — — —
Neowvarnber 6, 1987 —_ — — — — 0.0z
September 23, 1920 — — — — — 0.02
August 12-13, 1999 — — — — — —
Septamber 7, 1991 — — — — 012 —
February 12—15, 1842 0.68 042 —_ — 0.04 —
March 20-21, 1982 — =003 — — 0.03 —
January 17-19, 1993 1.50 2.26 — — — —
Fabruary 9, 1993 _ — _ — — —
February 23, 1903 — — — — — —
January 25-27, 1995 0.20 5.24 — — 0.08 —
March 11-13, 1995 850 — 0.003 85.0 0.08 o
February 23—24, 1905+ 57 6.2 0.7 57 ndt 9.6

v

Table 6.2. Peak discharges at stream gauges along Fortymile Wash [from Table 1-2 of Hooper,
2005, which was based on data from CRWMS M&O (2000a) and Tanko and Glancy, 2001].

The first documented case of a regional water-flow event during site characterization
studies, in which Fortymile Wash and the Amargosa River flowed simultaneously throughout
their reaches, took place on March 11, 1995 (Beck and Glancy, 1995). USGS and Nevada Test
Site rain gauges showed that cumulative precipitation ranged from 5 to 15 cm during March 9 to
11, with the largest amounts falling at higher altitude sites. High-altitude snowmelt also
probably contributed to the 10- to 12-hour runoff event in Fortymile Wash. The peak flow near
the location where the existing Yucca Mountain access road crosses Fortymile Wash was
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reported at ~100 m*/s (Glancy and Beck, 1998 [p. 7]). This flow is much less than that
calculated as a 100-year flood event for Fortymile Wash (i.e., 340 m%s).

Squires and Young (1984) calculated discharge, area, width, mean velocity, and
maximum depth of flood flows for 100-year and 500-year exceedence recurrence frequencies
and maximum flood peak for various profiles across Fortymile Wash and its three major
tributaries in the Yucca Mountain area. Estimated peak discharges are shown in Table 6.3:

Table 6.3. Estimated peak discharges along stream channels of Fortymile Wash at Yucca
Mountain.

Wash Drainage Area (sq miles) 100-year Regional Maximum

Fortymile 810 15,000
Dune Wash 17 1,200
(Busted Butte)

Drill Hole 40 2,400
Yucca 43

Fortymile Wash apparently ha
thousands of years. In the vicinity of . e channel is deeply incised in alluvial
fan deposits, and paleoindi i mmo the surface adjacent to both

ile Wash (Hooper, 2005). In the event that extrusive
volcanism intersects the repo d transports waste in the volcanic tephra plume,
deposition of radionuclides may occur at the RMEI location from the remobilization of tephra by
water after initial deposition. A sediment budget was estimated to demonstrate the quantitative
relationship between components such as sediment yield, discharge to the depositional fan,
balance of remaining tephra, dilution by mixing of contaminated sediment with ambient
sediment, and associated changes in sediment storage over time. Using parameters specific to
Fortymile Wash and a hypothetical eruption at Yucca Mountain, Hooper (2005) concluded that
substantial tephra deposits can persist for more than1,000 years in arid terrains, even with a
period of accelerated erosion after the eruption. Hooper (2005) estimated that ~98 percent of
the tephra deposit remains in the Fortymile Wash catchment basin after 100 years and 50
percent remains after 1,800 years. These results suggest that the amount of remobilized tephra
may be large—even when mixed with ambient sediment—and could significantly affect airborne
radioactive particle concentrations for the RMEI.
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The amount and distribution of hypothetical tephra deposits were calculated using the
TEPHRA code (Connor et al., 2001). For each realization in performance assessment, the
calculated tephra deposit is partitioned into (i) initial deposits (if any) at the receptor location, (ii)
potential deposits in the Fortymile Wash drainage system that are subject to fluvial
redistribution, and (iii) potential deposits in areas subject to wind erosion and transport (Benke
et al., 2006). Areas of Fortymile Wash that lack tephra deposits are assumed to contribute
uncontaminated sediment with the pre-eruption ambient sediment yield. A dilution factor is
calculated as the ratio of contaminated sediment volume to the total (uncontaminated +
contaminated) sediment volume assuming uniform mixing of sediments. The duration that
Fortymile Wash yields contaminated sediment was estimated as the time for significant flow
events to fully deplete the ash in the Fortymile Wash drainage system (Benke et al., 2006).

sumes that all contaminated ash
tlined in red in Figure 3-2 of

ind erosion. Wind then blows
wever, wind is not permitted to

The NRC staff approach to fluvial ash redistributi
that is fluvially remobilized is deposited in the “active”
Hooper (2005) [see Figure 6.13], but leaves the fan

remove contaminated ash from the drainage
entire tephra blanket in the drainage basin i

dose, because all contaminated as i i umulated near
the RMEI in a 24 km? area. The ass i contaminated

is eroded only by water - wind.is not allov i inated ash from the drainage
basin. In reality, large floc inate o ial erosion and transport and
would carry contaminat ) to the Amargosa River and
beyond. For example, in i C e floods have reached

and could eve ili by wi ely components to stay in
: [ ar beyond the active fan, the location of
ts of the system and not necessarily
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Figure 6.13 Landsat Thematic Mapper ima howi ctive part of the Fortymile Wash
depositional (or alluvial) basin-i ¢ '

dynamics. Fortymlle Wa d the active fan is not always
dominated by ot even reach the fan and instead would
produce de e biggest flow events. Precipitation in
this basin ost of the Fortymile Wash drainage
basin occurs » ble to have isolated rain events to the
north that cause maj i (and erosion of the depositional fan) but no local
sheet wash erosio : .. Also, in arid regions such as Yucca Mountain, most

port takes place during the largest discharge
ely to be suspended and transported long
distances are the smallest parti he sediments of Fortymile Wash fan are relatively
coarse, consisting mainly o g avel pavements that dropped out of suspension quickly
following Stokes’ Law, while the aterials have been winnowed out and carried
downstream. Particles of concer health physics will not settle out of overland flows until the
water infiltrates, evaporates, or ponds.

6.4.3.2 EPRI Analysis of Fluvial Transport from Extrusive Volcanic Activity

EPRI (2004) commented on various conservatisms used in the NRC and DOE analyses.
EPRI’'s model of ash transport modeling showed that particles smaller than 130 microns in

' The Wentworth scale classifies silt particles in the range from 4 - 62 microns. Clay particles are smaller
than 4 microns. In a motionless water column, all of the sand drops out in 40 seconds and silts drop out
of suspension in 2 hours (re: Stokes Law). After 2 hours only clays would remain in suspension.
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diameter would not be deposited at the compliance point (the RMEI). Both DOE and NRC use
a conservative assumption that all deposited material is in the respirable size range, although
neither NRC nor DOE discuss realistic mechanisms that would break down ash in this way.

6.4.3.3 DOE Volcanic Ash Fluvial Redistribution Model

DOE (2003) has developed a model for fluvial redistribution of volcanic ash that initiates
with tephra being transported by hillside erosion. Sediment then moves into drainages and is
transported via drainages that coalesce into larger and larger channels. Water and sediment
from different channels begin a mixing process that ultimately leads to a homogeneous
sediment containing materials from all drainages in the basin (Folk,1980). This mixing of
sediments occurs everywhere that sediment is transported ater, including intermittent
streams. Mixing occurs at higher rates and involves lar s in larger drainages than
smaller ones and on steeper hillslopes than on low-gr. and surfaces. Sediment mixing
also occurs from wind transport across the landsca e channels that develop across
newly deposited tephra sheets exhibit the same erved in streams, and,

welded tuff and wind-blown quartz sand, which tic tephra. Mixing of
sediments occurs very rapidly, and sits are more
abundant in the larger channels, so t as been
progressively diluted during transport re diment volume. Eolian processes

DOE has performe [ ) c Wells to evaluate the
fraction of basaltic ash cc S i i n.the tephra sheet. These data

indicate that the:cc in sedi ases to about 50 percent within
1 km of the h astern side of Lathrop Wells, whereas the
channel o ic ash after 1 km of transport. The
indicated di

processes along Fort O volcanic-eruption consequence scenarios. The
fan spreads out into the A y from the mouth of Fortymile Wash. In the upper or
northern half of the fan, the cha > well defined and widely spaced, with sizable
interstream area between all p annels. These interstream divide tracts are more
prominent on the upper fan. On ower fan they are neither as topographically prominent nor
as wide because the distributary channels become progressively closer on the lower fan.
Previous worldwide aboveground nuclear tests introduced radioactive "*'Cs into the
atmosphere. '*'Cs forms a time-stratigraphic marker in alluvial or eolian deposits and can be
used to assess the extent of local erosion and deposition. The depth to which "*’Cs infiltrates
into the soil can be used as a general proxy for the depth to which sorbing radionuclides may
infiltrate after deposition with volcanic ash (DOE, 2003). To evaluate erosion rates on the upper
Fortymile Wash fan, soil samples were taken for analysis of '*’Cs concentrations (BSC, 2003b).
The analyses show that the upper-fan inter-stream divide areas have been eroding over the last
50+ years and have lost 1 to 2 cm of the upper soil horizon, most likely as a result of wind
erosion, rather than from removal by fluvial processes (BSC, 2003b). There is also evidence of
some eolian deposition on these same surfaces.
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The majority of the fan surface is interstream divide area, from which 1 to 2 cm of
material, on average, has been removed during the last 50 years. When large floods occur, the
flood waters can carry large quantities of sediment rapidly southward across the fan to the
Amargosa River and may overflow channel banks forming small patches of overbank deposits.
As flood levels subside, the suspended and bedload materials in the channel flow are deposited
within the channels and are stored in the channel until the next flood occurs (BSC, 2003b). In
contrast to the inter-stream divide areas, the amount of sediment deposited in channels varies
greatly from location to location. In TSPA, DOE models distributary channel areas as having a
layer of contaminated ash of uncertain thickness that appears immediately following the
eruption. This layer will be of variable thickness, ranging from zero to several tens of
centimeters (represented by a uniform distribution from O t cm) (DOE, 2003). Although
sediment thickness may exceed 15 cm, it is likely that C ions to dose from radionuclides
at greater depths will be negligible. Observations of ' ntent also indicate that
radionuclides are unlikely to migrate more than 9 ¢ ent below the ash layer due to

transport in distributary channels. However, i ici uantify this reduction
in concentrations for the Fortymile Wash drain

the channel areas is the same as that deri E for the mid-li
about 18 km from the vent. The extent i tion overestimates concentrations is
not well known but may be large, especia i s in which the wind is blowing

would not e needed to remove most tephra from
the basin is't ~ )

2003). Given imi Jual ash observed near Lathrop Wells, the time required
to remove most a S very short, perhaps on the scale of centuries.

100 and 1,000 years. Some i tamination will likely persist indefinitely after the tephra
deposits are eroded (DOE, 2

DOE’s current approach odeling atmospheric dispersal and deposition of tephra
from a potential volcanic eruption at Yucca Mountain is documented in the model report BSC
(2005). The report documents the conceptual and mathematical model (Ashplume) for
atmospheric dispersal and subsequent deposition of ash on the land surface from a potential
volcanic eruption. The report also documents the conceptual model for ash (tephra)
redistribution. The Ashplume conceptual model accounts for incorporation and entrainment of
waste fuel particles associated with a hypothetical volcanic eruption through the repository and
downwind transport of contaminated tephra. The Ashplume mathematical model describes the
conceptual model in mathematical terms to allow for prediction of contaminated ash deposition
on the ground. BSC (2005) also describes the conceptual model for tephra redistribution within
Fortymile Wash and on its alluvial fan. Sensitivity analyses and model validation activities for the
ash dispersal and redistribution models are presented. DOE considered models for
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atmospheric dispersal of contaminated tephra during and after violent Strombolian eruptions of
the type that could occur in the Yucca Mountain region and for redistribution of contaminated
tephra after the volcanic eruption. If such an eruption were to intersect the repository, the
possibility exists for wastes to become entrained in the eruptive mixture and be transported via
the same mechanisms as the ash plume. Although other eruption types that include nonviolent
as well as violent phases exist, the violent Strombolian eruption has the greatest potential to
erupt ash and waste particles high into the atmosphere, thus increasing the potential distance of
dispersal. DOE’s Ashplume conceptual model includes only the eruptive ash plume,
convective/dispersive transport of contaminated ash particles downwind, and deposition on the
ground surface. The Ashplume mathematical model can be used to evaluate ash and waste
concentration at any point or multiple points on the surface relative to the volcanic vent. DOE’s
ash redistribution conceptual model describes the erosion subsequent deposition of
contaminated ash. A new set of wind data collected at ock (near Mercury, Nevada)
was used to calculate wind speed and direction up to t of 13 km. This data set replaces
the Nevada Test Site data that were used for the T rameterization for the
atmospheric dispersal model used in all ASHPL s documented in Igneous
Consequence Modeling for the TSPA-SR (BS osit thicknesses were
simulated using ASHPLUME 1.4LV and co eposit thicknesses from
the 1995 eruptive event at the Cerro Negro ash redistribution
conceptual model is new and was not used in

). Tephra
with actual tep
no in Nicaragua. D

BSC (2005, Appx. |) also deve
redistribution that calculates near-surfa

in soil columns near the RM ion. S i | was designed to provide a more
complete representation @ i ' ed, and to eliminate the mass
balance conservatism I model. This alternative
model is still under de s a spatially-distributed

Geographic Information ) fra ash and fuel transported to the
RMEI location N [

y ash and fuel that was hypothetically
deling the primary ash fall and

stinguishing between channels and recent (< 10
"), and older (> 10 kyr) interchannel divide surfaces on
d fuel delivered from the upper Fortymile Wash
watershed are deposited only els. This treatment assumes that areas of the RMEI
location that have not been subject to fluvial erosion or deposition over the last 10 kyr will not be
subject to fluvial activity within the next 10 kyr. The model also distinguishes between channels
and divides for the purposes of modeling fuel redistribution in the soil profile. Vertical
redistribution within the soil profile is modeled as a diffusion process. The lower boundary of the
soil layer represents the presence of impermeable soil horizons. The alternative redistribution
model evaluates over time the surface and depth-averaged fuel concentration on channels and
divides at the RMEI location after an eruption (BSC, 2005, Appendix I).

kyr) depositional surfaces
the RMEI location. In the

The alternative model does not incorporate eolian erosion or deposition or the long-term
geologic dynamics of fan interchannel divide and channel interactions (BSC, 2005, Appx. I).
Several key assumptions are made under the alternate model. First, it is assumed the climate
through much of the regulatory period will be similar to today’s climate and will have relatively

137



5219
5220
5221
5222
5223
5224
5225
5226
5227
5228
5229
5230
5231
5232
5233
5234
5235
5236
5237
5238
5239
5240
5241
5242
5243
5244
5245
5246
5247
5248
5249
5250
5251
5252
5253
5254
5255
5256
5257
5258
5259
5260
5261
5262
5263
5264
5265
5266
5267
5268
5269

little impact on the Fortymile Wash alluvial fan even with a projected increase in annual
precipitation. The rationale for this is that the expected effects of increased precipitation would
include more vegetation and this will result in less ash being derived from the hillslopes. Total
precipitation during a pluvial climate would be greater, but increased storm intensities or peak
channel discharges would not be expected. The precipitation increase would come primarily
from more frequent rainfall events (BSC, 2005, Appendix I).

The second assumption is that the model assumes distributary channels in the RMEI
location do not migrate (BSC, 2005, Appendix I). Therefore, the areal fraction of channels and
interchannel divides would not change with time. The rationale for this is that fans are dynamic
landforms that can evolve topographically over both long and short time scales. A distinction
can be made, however, between the evolution of alluvial f ver millions of years and the
evolution of “entrenched” alluvial fans over shorter time . In tectonically-active areas and
over millions of years, alluvial fans aggrade by sedim in channels and by channel
migration. Over these long time scales, alluvial fan onsidered to be subject to
s caused cycles of channel
ult, fluvial activity on many
rn channels. Older
and incision, but are

terraces are commonly preserved from previ
no longer subiject to fluvial activity even during

development. Surface characteristi loped desert
pavement and varnish, provide evide of significant,
soil-disruptive floods on interchannel d ed desert pavements and varnish

The thi i > nsport to the RMEI location
can be negle ' ~ 2sses (BSC, 2005, Appendix ). The

rationale dominant redistribution process for ash
and fuel fro he prevailing wind is away from the RMEI
location and to so eolian transport is most likely to redistribute ash
into the drainage | location), and (2) fluvial transport processes in a

processes disperse a i of entrainment, turbulent dispersion in the
atmosphere, and redepo 05, Appendix I).

6.4.3.4 NWTRB Comn s on Potential Consequences of Igneous Activity

The Nuclear Waste Technical Review Board (NWTRB) has commented (NWTRB, 2002)
that performance assessment calculations appear to show that “igneous activity is the largest
contributor by far to radioactive dose during the first 10,000 years,” an observation that was
repeated in a report the following year (NWTRB, 2003). However, the NWTRB observed in its
2002 report that the igneous activity model proposed by NRC may be a “conservative end-
member” model. It should be noted that this particular report of the NWTRB predates many of
the observations and analyses discussed in previous sections of the present report.

At the September, 2002, meeting of the NWTRB, Dr. William Melson, a consultant on
igneous activity issues to the NWTRB, commented that studies of the mama-waste package

138



5270
5271

5272
5273
5274
5275
5276
5277
5278
5279
5280
5281
5282
5283
5284
5285
5286
5287
5288
5289
5290
5291
5292
5293
5294
5295
5296
5297
5298
5299
5300
5301
5302
5303
5304
5305
5306
5307
5308
5309
5310
5311
5312
5313
5314
5315
5316
5317
5318
5319

interaction should focus on identifying conditions that would lead to disruption of the waste
package and release of radioactive material from the package, in particular the effects of

temperatures in excess of 12000 C. and the effects of corrosive gases on the package welds.
Dr. Melson also commented on the “dog-leg” scenario, in which magma moves down the drift
and then out through a secondary vent. This scenario would involve the largest number of waste
packages with magma entering the drift. Dr. Melson noted that this was a worst-case scenario,
and its probability of occurrence was small (Melson, 2002).

In 2003, the NWTRB made three recommendations regarding igneous activity:

that the DOE conduct modeling studies of compressible fluids

that the DOE study the waste package-
chemical and mechanical interactions

interaction, including both

scenario. Eolian transg adi : § from fluvial deposits as well
as from material depos : the eruption itself. The

radionuclide soil concentrations e parameters are treated statistical in performance
assessment calculations. The calculated doses from an eruption are strongly influenced by the
timing of the event. Events that occur more than 1000 years after repository closure would
result in essentially no dose from even the longer-lived fission products like Cs-137 and Sr-90.
Because any significant external dose would be a gamma dose from these fission products,
such events would not result in an external dose. There could, however, be both inhalation and
ingestion doses to the RMEI, though the former would be more significant than the latter.

The Suzuki model, which the NRC uses, models the initial plume as moving as much as
60 km downwind, so that resuspended particles need move only short distances to be inhaled
by the RMEI. Dose calculation then depends on the composition of the remobilized particles.
Assuming that all remobilized particles are contaminated ash, as NRC does, is conservative to
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an unknown extent. Jarzemba et al. (1997) modified the Suzuki ash transport model and
incorporated it in the TPA code (both Version 4.1 and Version 5.0) to calculate the distribution of
the released radionuclides during a hypothetical eruption through a repository. The time-
dependent density of deposited radionuclides takes into account the thickness of the tephra
deposit, leaching and erosion rates, and radionuclide decay. Radionuclides can persist in the
environment and can cause exposure hundreds to thousands of years after the event, although
erosion and mixing with uncontaminated soil will decrease the concentration of radionuclides to
which the RMEI is exposed.

NRC'’s TPA analysis indicates that the risk would be a maximum at about 225 years.
The NRC treated the sensitivity analyses for volcanism parameters separately for the extrusive
and intrusive scenarios. Radiation doses to the RMEI res from an extrusive scenario could
be larger than doses from consumption of ground water these doses can be neglected
(Mohanty et al., 2004). This suggests that ingestion re neglected also in the NRC
analysis, because ingestion doses would arise from er contamination. The NRC

in NRC’s TPA analysis. Note that NF n power of
4.31x10"° watts and a mean duration of 4 (5.6 days). The simulated volcanic
conduit has a width ranging In TPA 4.1 all waste packages
contacted by magma are ] i y . Waste packages within a drift

penetrated by a dike, b [ : d to fail and expose the spent
nuclear fuel to subseq it are assumed to become
entrained in the magma he biosphere. Fora 50 m
diameter cond ~5 m long) could be entrained.

In > , ing eruption was assumed to always be
toward the ' : is an assumption common to many

dispersion cal
This is especiall

vind is now being incorporated in TPA.
vo most influential parameters in the sensitivity

: of soil in the air above a fresh volcanic ash
blanket and wind speec ohanty et al., 2004).

m appears to be small within the 10,000-year simulation
period (Mohanty et al., 2004). eous activity scenario increased the peak expected risk in
10,000 years to 3.6 pSv/yr [0.36 m/yr]. Results from a range of alternative conceptual
models for waste form dissolution, waste package lifetime, and radionuclide transport resulted in
calculated doses that were well within the EPA standard. The ground water ingestion dose from
igneous activity is similar to the dose in the basecase with faulting events (see Mohanty et al.,
2004, Figure 3-14). The increase in groundwater dose from igneous activity is smaller than that
for faulting events because only 53 waste packages are failed by the intrusive igneous activity
as compared to 208 waste packages failed by the faulting event in the mean value, single-
realization case. Without probability weighting, extrusive igneous events result in a peak ground
surface dose of approximately 0.1 Sv/yr [10,000 mrem/yr] at 4,900 years, which is the time of
the volcanic event, and the dose exponentially decreases thereafter (see Mohanty et al., 2004,
Figure 3-14).
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For the ground surface pathway, the areal densities calculated for each radionuclide,
computed with the ASHPLUME (Jarzemba et al., 1997) ash transport model, are used in
determining the total effective dose equivalents. Dose conversion factors are computed
internally in the TPA Version 4.1 code by using GENTPA, a modification of the GENII computer
code (Napier et al., 1988). Subsequent versions of the TPA code use Federal Guidance report
13 (Eckerman et al, 1999).

The NRC has estimated particle size distribution of ash particles and has estimated the
dimensions and density of spent fuel particles that could be incorporated into and dispersed with
the ash. The code ASHPLUME (DOE, 2000) has been used to model this dispersion The NRC
has designed a new module, REMOB, for estimating resuspension and remobilization, but
ACNW has not seen the equations or results for that mod arameters like breathing rate and
exposure time are generally estimated by engineering j nt, and should be the subject of
sensitivity analyses. NRC has not considered an inge se to the critical group or RMEL.

NRC does not appear to have accepted
larger fraction of resuspended material consi
of contaminated ash can take place. NRC

ulation, but has postulated a
during which resuspension
ended material,

derlying original soil).

rlier in the
postclosure period than in the absenc MEI would
probably be larger. The difference betw d using these scenarios gradually

documented in Moha F 5 arized the following
overall results:

easonable; the assumptions have the potential to
oximately one order of magnitude, (ii) alternative mass

alternative models for ¢ lear fuel incorporation and initial plume velocity cause
only small differences in dose estimates, and (iv) no effects on the peak eruptive

risk are estimated from coupling drift degradation with the number of entrained waste
packages. Ash remobilization and wind variations are implemented in an alternative
model.

Mohanty et al. (2005) present the following conclusions related to the volcanic extrusion
scenario and ash deposition/remobilization:

Redistribution of contaminated ash appears unlikely to increase significantly the

estimated peak dose arising from a volcanic eruption over the case in which the ash is
directly deposited at the RMEI location. Although not a likely bounding approach, fixing
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the wind direction to the south appears reasonable to account for the effect of
remobilization of the contaminated ash.

Overall, results suggest variability in the wind field does not significantly alter the
estimated peak dose at the RMEI location. Fixing the wind direction to the south appears
a reasonably conservative approach to account for the effect of a variable wind field.

Analysis estimates composite daily mass loading varies by approximately a factor of two
for a wide range of duration for the peak values (i.e., 5 to 50 percent of the time). Using
the medium value for the composite mass loading for fresh ash conditions {i.e., 1.12
mg/m?[7.0 x 10 Ibm/ft*]} and soil conditions {i.e., 0.1 mg/m*[6.2 x 10° Ibm/ft’]} in the
TPA code resulted in approximately a factor of two ction in the overall dose
estimate. The results from this analysis were con in developing mass loading
parameters in the latest version of the TPA co

6.4.4.2 DOE Analysis

moves sediment at
s doses using the

process causing erosion (DOE, 2003).
a relatively rapid rate of 1 to 2 cm pe

time dependent soil removal factor, estim 0.02 to 0.04 cm/yr (DOE, 2003).
Given these erosion rates, ash layers wi i few centuries, depending on
initial thickness. Based or S ine-grained ash and

may be brought into ' : ing events that cover the
entire fan. Based on it i ‘ 3Si ation after erosion removal

of ash from other volcanic eruptions. DOE’s literature
reviews suggest that ash fro olcanoes has a somewhat smaller concentration of very
fine particles (10 microns or les an ash from other volcanoes (like Mt. St. Helens), but that
these are the particles that are carried furthest from the eruption site, to the vicinity of the RMEI
if the RMEI is downwind from the eruption In addition, BSC (2006) cites extensive literature
reports of measurements of dispersed and remobilized particle sizes, and the sizes of particles
that can contribute to inhalation dose, concentrating on particles of 10 microns diameter or less
(particles designated as PM,o by EPA). The DOE biosphere model assumes that particles of 1
micron aerodynamic diameter play the greatest role in inhalation dose (BSC 2006, p. 6-23) and,
like Jarzemba and LaPlante (1997) assumes a triangular distribution.

DOE has validated its ASHPLUME modeling by examining the distribution of ash from the

Lathrop Wells cone as well as from Cerro Negro (DOE, 2004). Hill et al. (1998) have also
verified the use of the Suzuki (1983) formulation in modeling ash distribution from Cerro Negro.
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Apparently, DOE does not use the Anspaugh model for eolian redistribution, but depends on its
own validation of redistribution as well as for the original atmospheric dispersion of ash. It is not
clear that NRC has done a direct validation.

6.4.5 Summary

The radiation doses and risks to the RMEI associated with remobilization of contaminated
ash from an igneous event depend on estimation of the following parameters:

e particle size and density of spent fuel and fission products released in the event
e particle size and density of tephra and ash
diameter and density of particles that would be in
igneous event

total mass of material from an igneous event
momentum vector of the emission
parameters used in applying the Suzuki ispersion models
areal extent of fluvial dispersion
areal extent of vegetation exposed

rated into ash dispersed from an

breathing rate
external exposure time

Both NRC and DOE ' FGR) 13 (Eckerman et al, 1999)
rather than FGR 11 and : [ s. Since the uptake models of

dramatic change during the years [since 1960].....

essential, there d regulators acknowledge that these
changes have o dose estimates will differ depending on the
basis on which the d that caution must be exercised to ensure

that these factors are consideration in interpreting the outcomes

.. Differences in dose cc ients can result in changes in dose estimates
by an order of magnitude depending on the source from which [the dose
coefficients] were obtained....

For example, the dose conversion factor for ' is strongly influenced by the intake of stable
iodine in the diet (food and water) (Moeller and Ryan, 2004). Another example is from a recent
paper on dose conversion factors for *H and '*C (Richardson and Dunford, 2001) This paper
notes:

“It is shown how the dose coefficients for intakes of tritium and 14C

compounds are affected by different interpretations of the methods
recommended by the ICRP for two of the three classes of vapors and
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gases. Some aspects of the ICRP models, such as the percent
oxidized, would benefit from reconsideration so as to produce tritium
and 14C biokinetics that are less dependent on the radionuclide.”

The potential dose to the RMEI is the compliance criterion, and is also the culmination of
all the assumptions that have gone into the analysis of an igneous event. Both NRC and DOE
consider the inhalation dose (including inhalation of resuspended material) much more
significant than an external dose. Neither agency has considered the possibility of an ingestion
dose. NRC in its application of risk insights, calculates a quantity called a “probability-weighted
dose” (Mohanty et al., 2005) that results from the inhalation of resuspended material. By the
quantitative definition of how risk is calculated — the product of probability and consequence for
the igneous activity scenario — this could be considered . However, the significance of a
“probability-weighted dose” is not clear. Since probabili e always fractions, a probability-
weighted dose will be a smaller number than the onding inhalation dose. From the
receptor's point of view, this can be confusing s misleading. NRC should be
encouraged to clarify the meaning of this expres

The NRC employed several altern i gree to which SNF was
incorporated in ash, varied the wind directi ameters, considered a

dose to the RMEI by factors betw [ seful approach to
generating performance assessme i
informed analysis. The NRC consider
particles of approximately one mi or less and that lesser effects are

density of spent nuclea i 0 ash particles, and also cites

Jarzemba and . E defi as a function of the fraction of
magma inco . Iting range of contaminated ash particle
densities i F s make the point that the frequency of
wind blowing aller than wind blowing away from the

RMEI, so that i i resuspended material is relatively small.
DOE further postula in the vicinity of the RMEI make persistence of a
thick remobilizable Iz nated tephra unlikely.

dispersed ash. DOE postulate
winds in the direction of the RME

st as less likely because of the relatively infrequent high

6.5 Summary (Igneous Consequences)

The consequences for future radiological exposures vary significantly among three
hypothetical scenarios for volcanic interaction with the repository. These scenarios include an
intrusive event, an extrusive (volcanic) event, and secondary breakouts of magma from a
repository at some distance from the point of initial intersection (so-called “dogleg” scenario).

The extrusive event - DOE has estimated that the median nhumber of waste packages that
would be disrupted in a volcanic eruption scenario (i.e., intercepted by a conduit) is fewer than
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10. The NRC staff currently assumes that volcanic vents would have an average diameter of
~50 m. If the center of a vent were to coincide with the axis of a drift, then ~5 waste packages
could be entrained within the cross-section of the conduit and potentially transported to the
surface. Apparently due to the complexity of the processes involved, neither the NRC nor DOE
evaluate magma-drift-waste package interactions in any detail. They instead assume that a
small number of waste packages are completely destroyed and the contents are carried to the
surface via a volcanic conduit in a cone-forming event. However, it is unclear how or whether
the Alloy-22 waste packages or the ceramic or glass waste forms themselves would be reduced
to particles of respirable size, as currently assumed by the DOE and NRC staff. EPRI has
concluded, based on multiple lines of evidence, that it is unlikely that waste packages would be
breached by magma during an active eruption period. EPRI found that the expected
consequence of an igneous extrusive event would be zero ases of radioactive matter from
the repository to the atmosphere.

The intrusive event - DOE has estimated t
damaged in a potential future igneous event. T n scenario shows a range of
consequences, extending from virtually no w d to nearly all waste
packages in the repository. The 50th perce imately 1600 waste

f waste packages that could be

packages could be impacted, out of over 11, In TPA 4.1
the NRC staff estimated a mean value of 37 m ilures from an
intrusion event, based on a log uniform.distributi ge failures.

Igneous activity causes the largest incre i dwater and
airborne pathways, but the risk is still s ent is factored
into the calculations. EPRI ould be larger than previously
assumed. They estimate come engulfed by magma

y to understand because it controls the
flow behavio i oF: enetrate a repository in the unlikely event of

their approac imati i i a. Mountain basalt as it ascends and
degasses with a tendency to assume rheological
properties pertaining { mas and dry, hot magmas, leading incorrectly to the
postulate of a highl i [ ghly mobile lavas. Therefore, previous claims of
severe consequences ofig int ion‘appear to be poorly founded. The potential Yucca
Mountain magma is likel plosive magma with relatively immobile lavas. The

: i at Lathrop Wells demonstrate that the lavas had very
high viscosities and were rela obile. Characteristics of these lava flows indicate
viscosities orders of magnitude larger than had been assumed in analyses of igneous
interaction with a repository. These high viscosities, along with magma solidification effects,
would significantly reduce the distance that magma could penetrate into tunnels and thereby
reduce the number of impacted waste packages.

The so-called “dogleg” scenario refers to a hypothetical scenario proposed by the NRC
staff in which magma might rapidly fill a drift and create enough pressure to generate (at a
distance from the entry point) a secondary dike to the surface. This “dog-leg” model was
analyzed by the Igneous Consequences Peer Review (ICPR) Panel (Detournay et al., 2003), by
EPRI, and by DOE. In TPA 4.1 analyses the NRC staff assumed that a mean value of 51 waste
packages could be entrained by an extrusive event and contained in volcanic ejecta. ICPR
considered the propagation of either a magmatic or pyroclastic “dog-leg” scenario to be quite
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improbable, found that the initial and boundary conditions in the model are unrealistic, but
recommended further analyses to assess the impacts of a partially coupled pyroclastic flow
scenario on repository performance. EPRI concluded that their independent modeling results
show that pressure conditions in a repository intersected by magma would be significantly less
forceful than postulated by the NRC staff. DOE concluded that the “dogleg” model
overestimates the violence of magma-repository interaction. Use of realistic boundary
conditions (including compressible walls and backfill, permeable country rock and backfill,
phase separation in the magma-volatile mixture, partial blockage of the drift by waste canisters
and other engineering features, and the axial spacing of the canisters) would greatly reduce the
amplitude of any shock wave that might form. Use of realistic initial conditions such as a dike tip
would preclude shock waves for all but the most rapid magma ascent rates.

Remobilization — Assuming a hypothetical volc
has performed studies of ash redistribution near Lathr.
basaltic ash components as a function of distance f
that the concentration of basaltic ash in sedime
km of the head of the tephra sheet drainage o

ption through a repository, DOE
s to evaluate the fraction of

ra sheet. These data indicate

e to about 50 percent within 1

TSPA model calculates doses using the initi
concentrations from ASHPLUME, modified by i | factor, estimated

redistribution of basaltic te ile W ' eters specific to Fortymile
Wash and a hypotheti i ed that substantial tephra
deposits can persist fo : ith a period of accelerated
erosion after the eruptio ra deposit remains in the
Fortymile Wash:ce 50 percentremains after 1,800 years.
NRC sugges nay be large—even when mixed with
ambient s \ C
the RMELI. S ash that is fluvially remobilized would

ould dominate the process of fluvial erosion and
transport and would carry co i ash beyond the active fan and all the way to the

rt period of historical record, two large floods in the
Fortymile Wash/Amargosa Ri have reached Death Valley. The sediments most likely
to be suspended and transported long distances are the smallest particles — the same particles
of concern for respiration or ingestion.

EPRI has commented on various conservatisms used in the NRC and DOE analyses.
EPRI’'s model of ash transport modeling showed that particles smaller than 130 microns in
diameter would not be deposited at the compliance point. Both DOE and NRC use a
conservative assumption that all deposited material is in the respirable size range, although
neither NRC nor DOE discuss realistic mechanisms that would break down tephra in this way.

Eolian (wind) transport could result in an inhalation dose to the RMEI in the extrusive

scenario. Eolian transport can move radioactively contaminated ash from fluvial deposits as
well as from material deposited on the surface of the ground as a result of the eruption itself.
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The mechanism of eolian transport is the same in both cases: ash is remobilized by wind, and
the remobilized ash is carried and dispersed predominantly downwind. The shape of the
remobilized plume depends on particle mass and density and on meteorological conditions.

Both DOE and NRC have estimated triangular particle size distribution of ash particles,
with the mean and mode at 1 micron aerodynamic diameter. Both agencies have estimated the
dimensions and density of spent fuel particles that could be incorporated into and dispersed with
the ash. The code ASHPLUME has been used to model this dispersion. The NRC has
designed a new module, REMOB, for estimating resuspension and remobilization, but ACNW
has not seen the equations or results for that model. If there is an igneous event, the peak dose
to the RMEI would occur earlier in the postclosure period than in the absence of an igneous
event, and the dose to the RMEI would probably be larger. difference between doses
calculated using these scenarios gradually decreases wi , and is approximately an order
of magnitude at 10,000 years.

Like the NRC, DOE uses ASHPLUME to olian dispersion of
contaminated ash, as well as the generally ac t airborne resuspended
material is dispersed in the same way as a ppears to have accepted
the Anspaugh formulation of both long-term DOE makes the
point that the frequency of wind blowing towar rably smaller than
wind blowing away from the RMEI, s
resuspended material is relatively s

of it is overburden). DOE
of ash from the Lathrop

Report (FGR : ‘ R 11 and 12 as a source of dose
i i h are a considerable refinement when

and agreed to.

7. Conclusi

[To be completed at the e Igneous Activity Working Group meeting.]
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6342

Appendix A. Status of NRC Igneous Activity Key Technical Issue Responses (2006)

6343
6344 The current status of differences between the DOE and the NRC is given by the status
6345  of the Igneous Activity Key Technical Issues (KTI) as identified by the NRC. The following table
6346  which is based on a 2006 compilation gives a brief description of each KTI the DOE response
6347  date and the status of the agreement between the DOE and NRC. The significance of each KTI
6348  to overall performance of the repository is also given. Of the 20 KTls, fourteen have been
6349  satisfactorily agreed to by both agencies, while six await further information from the DOE and
6350 evaluation by the NRC. Four of the KTls are ranked as of high importance to risk and three of
6351 these remain open (IA. 1.02.2.07, 2.17, and 2.18).
6352
KTI Response Status  |Risk
Date
In addition to DOE's licensing ¢ for Site
IA.1.01 4/30/2001 Recommendation and Lice rmformatl_on Complete  [Medium
purposes, the results of analysis for
extrusive and intrusived
IA.1.02 11/5/2004 NAI High
1A.2.01 4/30/2001 Complete |Low
IA.2.02 4/14/2003 " Complete |Low
IA.2.03 Complete  [Medium
1A.2.04 t, has been compared with an analog [Complete  [Low
current approach to calculating the number
1A.2.05 6/6/2001 ntersected by conduits addresses potentiallComplete  [Medium
effects o ongation along a drift
Develop a je between soil removal rate used in TSPA
and surface remobilization processes characteristics of the .
A.2.06 6/6/2001Yucca Mountain region (which includes additions and Complete  Medium
deletions to the system).
Document the basis for airborne particle concentrations used
1A.2.07 6/6/2001|)in TSPA in Rev. 1 to the Input Values for External and Complete  |High
Inhalation Radiation Exposure AMR.
Provide additional justification on the reasonableness of the
IA.2.08 4/30/2001 agsumptlon th.at the inhalation pf partlcltles,: in thg 10-100 Complete  |[Low
micron range is treated as additional soil ingestion, or change
the BDCFs to reflect ICRP-30.
I1A.2.09 3/31/2005|Use the appropriate wind speeds for the various heights of Complete  |Medium
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eruption columns being modeled. (Eruptive AC-5) DOE agreed
and will evaluate the wind speed data appropriate for the
height of the eruptive columns being modeled.
Document the ICNs to the Igneous Consequences AMR and
IA.2.10 2/13/2003the Dike Propagation AMR regarding the calculation of the Complete  [Medium
number of waste packages hit by the intrusion.
Provide an analysis that shows the relationship between any
IA.2.11 6/14/2004static mea_lsurements used_ in the_z TSPA gpd expect_ed typgs NA Medium
and durations of surface disturbing activities associated with
the habits and lifestyles of the critical group.
Provide clarifying information on how PM10 measurements
have been extrapolated to TSP conce ions. This should
IA.2.12 8/2/2002jinclude consideration of the differe ehavior between Complete |Low
PM10 and TSP particulates und tatic and disturbed
conditions.
Provide the justification tha of transition
IA.2.13 4/25/2002period BDCFs is necess luating long- |[Complete |Low
term remobilization pr
Provide information clari
IA.2.14 6/14/2004 s load|Complete |Low
over the transit
IA.2.15 2/4/2004 Complete |Low
IA.2.16 8/20/2002 Complete |Low
IA.2.17 NAI High
IA.2.18 NAI High
IA.2.19 3/31/2005 NAI Medium
attendant to IA Agreement 2.18.
DOE will evaluate how ascent and flow of basaltic magma
IA.2.20 3/31/2005th_roug_h repository structures _cou_ld result in processes the_nt NA Medium
might incorporate HLW, considering the results of evaluations
attendant to IA Agreements 2.18 and 2.19.
6353
6354
6355
6356
6357
6358
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6360
6361

Appendix B. List of Agencies, Organizations, and Individuals Receiving Preliminary Draft
of this Report for Their Review and Comment
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I. Navis, Clark County, NV W. Briggs, Ross, Dixon & Bell

E. von Tiesenhausen, Clark County, NV R. Murray, DOE/OCRWM

G. McCorkell, Esmeralda County, NV G. Runkle, DOE/Washington, D.C.

R. Damele, Eureka County, NV

L. Marshall, Eureka County, NV

A. Johnson, Eureka County, NV

S. Schubert, Sen. Reid’s Office

M. Yarbro, Lander County, NV

J. Donnell, DOE/OCRWM

M. Baughman, Lincoln County, NV
L. Mathias, Mineral County, NV
J. Saldarini, BSC

M. Henderson, Cong.

D. Swanson, Nye County,
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E. Sproat uller, DOE/OCRWM

D. Cornwall, N P. Harrington, OPM&E

T. Story, NV Congre M. Mason, BSC

R. Herbert, NV Sen. Reid i S. Cereghino, BSC

M. Murphy, Nye County, NV B. Gattoni, Burns & Roe

R. Lambe, NV Congressional Del E. Mueller, BSC

K. Kirkeby, NV Congressional Delegation J. Gervers, Clark County, NV

R. Loux, State of NV D. Beckman, BSC/B&A

S. Frishman, State of NV L. Rasura-Alfano, Lincoln County, NV
S. Lynch, State of NV J. Kennedy, Timbisha Shoshone Tribe
P. Guinan, Legislative Counsel Bureau B. Durham, Timbisha Shoshone Tribe
R. Clark, EPA R. Arnold, Pahrump Paiute Tribe
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R. Anderson, NEI J. Birchim, Yomba Shoshone Tribe

6362
R. McCullum, NEI R. Holden, NCAI
S. Kraft, NEI C. Meyers, Moapa Paiute Indian Tribe
J. Kessler, EPRI C. Dahlberg, Fort Independence Indian Tribe
D. Duncan, USGS D. Vega, Bishop Paiute Indian Tribe
K. Skipper, USGS Egan, Fitzpatrick, Malsch, PLLC
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