Probabilistic Volcanic Hazard Analysis Update (PVHA-U) for Yucca Mountain, Nevada

3.3 COMPARISON OF EXPERTS’ MODELS AND ASSESSMENTS
3.3.1 Spatial and Temporal Models

Table 3.3-1 lists the various spatial modeling approaches used by each of the eight experts and,
where relevant, the geology data sets used by each. Each of the three experts not using geology
data quantitatively in their models did use the information qualitatively in defining their zones.

Table 3.3-1. Spatial Modeling Approaches and Geology Data Used by Each Expert

Expert
Spatial Modeling Approach CcC BC WH MK | AM MS FS GT
Locally homogenous zones X X X X
Parametric spatial density function: Bivariate
D X
Gaussian field shape
Non-parametric spatial density function: Kernel
! S X X X X X
density estimation
Modification of basic models with interpretation
X X X X X
of geology data
Lithostatic pressure X X X X
Mean crustal density X
Tomography X X X
Cumulative extension

Table 3.3-2 lists the various temporal modeling approaches used by each of the eight experts.

Table 3.3-2. Temporal Modeling Approaches Used by Each Expert

Expert
Temporal Modeling Approach CC | BC|WH | MK | AM | MS | FS GT

Homogenous Poisson with rate estimated from
identified past events

X X X X X X

Homogenous Poisson with expert-specified
distribution on rate

Time-volume rate model X X X X X

Temporal clustering model X

Explicit modeling of alternative conceptual models
for rate (e.g., a steady-state rate model , an X X
increased rate model, and a decreased rate model)

Section 3.2 includes a table for each expert describing how they interpret past events in the
YMR, including the various alternative interpretations considered. Most of the spatial and
temporal models specified by the experts use the identified past events directly: both parametric
and non-parametric spatial density estimates are created based on the locations (and
expert-assigned weighting) of past events, and in most cases, the experts specified that the rate
for either the homogenous Poisson or the time-volume rate models be estimated based on past
events they identified. Table 3.3-3 lists the events in the YMR with a summary of how they
were interpreted by each expert.
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Table 3.3-3. Experts’ Interpretation of Past Events and Magnetic Anomalies

Expert Interpretation (number of events)
Past Event or Anomaly CcC BC WH MK AM MS FS GT
Lathrop Wells 1 1 1 1 1 1 1 1
Sleeping Buttes 1 1 2 1t02 2 NA 2 2
Quaternary Crater Flat 1 1t02 | 4105 | 1to4 5 2to5 | 1105 | 1to4
Buckboard Mesa 1 1 1 1 1 1
Pliocene Centers 3 1 7 1or3" | 5t07 7 3 1t0o4
Pliocene basalt of Crater Flat 1 3 1 3 3 1 1
Anomaly B 1 1 1 1 1 1 1
Anomaly F 1 1 1 1t03 [ 1t03 1 1t03
Anomaly G 1
Anomaly H 1

Thirsty Mesa 1 1 1 1 1 NA 1 1

Anomalies C&D 2 1 2 1t02 | Oto2 | 0to2 | Oto1

Jackass Flats 1t02 1

Dome Mountain 1t03 1

Western Crater Flat (RQ4T) 2t05 | 1to4

Solitario Canyon 1t02 | 1t02

Anomaly A 1

Little Skull Mountain 3or6

Anomaly E 1 1 Oto1

Anomaly K Oto1 Oto1

Anomalies 3 and J Oto1

Anomaly 2 Oto1

Anomaly 1 Oto1

V1,V2,V3 3

* For GT’s models, the Sleeping Buttes events lie in the background zone.
* All Pliocene centers listed below may be considered a single event. If they are not a single event, they are
interpreted as shown in the rows below.

Mean Rate Density

The best summary measure of the impacts of the various spatial and temporal models used by the
different experts, and their varying interpretation of past events, is the mean rate density map for
each. Figure 3.3-1 shows the mean rate density maps for all eight experts to facilitate
comparisons (note that larger versions of these maps are included in the individual model
discussions in Section 3.2). In each map, the color-shaded area represents the model domain.
For several experts (Crowe, Hackett, Kuntz, and Spera), this domain is defined by the
expert-specified region of interest. For experts whose model includes a background rate
(McBirney, Sheridan, and Thompson), the rate everywhere outside the shaded area is equal to
the background rate. For those experts and for Connor, the domain was selected for modeling
convenience to be no larger than the geographic extent of the data used in the spatial models, and
to encompass the region where the conditional probability of intersection of an event is non-zero.

Several important similarities across the mean rate density maps are apparent: for all experts, the
highest mean rate density occurs in the vicinity of the Crater Flat events, and experts who
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included some explicit weighting of events by age (Hackett, Kuntz, McBirney, and Spera)
exhibit somewhat higher rate density contours encompassing the Lathrop Wells event and, for
Hackett, the Quaternary Crater Flat cones.

The use of the “geology-informed” models appears to lead to a smoother rate density map in
general, and allows for areas of higher rate density where events have not occurred in the past.
As an example, see the 1e-10 contour on the mean rate density map for Sheridan, which is driven
by the consideration of lithostatic pressure and Sheridan’s estimate of the relevance of those data
to the locations of future events. The effect is not seen in parametric or non-parametric spatial
density estimates alone, where higher rate density always appears where past events have
occurred.

Recurrence Rate

It is typical in volcanic hazard analysis to discuss a mean recurrence rate or recurrence interval
for events. In the context of PVHA-U it is to difficult compare recurrence rates across experts.
For example, each expert has a uniquely-defined region of interest, and those regions have
different areas. So even if two experts had otherwise identical models, with different regions of
interest their mean recurrence rates (expressed as the number of events per year in their region of
interest) would be different. Further, the rate within a region of interest is spatially varying, as
shown in the mean rate density plots of Figure 3.3-1, so even if the regions of interest of all
experts were of similar areas, an “average” recurrence rate across the region of interest is not
meaningful in term of the events that are of the most interest (intersecting events).

The mean recurrence rate for each expert’s model, within their defined region of interest, was
presented in the subsections of Section 3.2. To allow for some comparison of the recurrence rate
across experts, the mean recurrence rate for each expert was calculated for a region that all
experts included in their model, termed the “intersecting ROI.” Figure 3.3-2 illustrates this
intersecting region of interest, and Table 3.3-4 presents the mean recurrence rate in this ROI for
each expert. The table also includes the mean recurrence interval associated with the mean
recurrence rate for each expert. Uncertainty exists in the recurrence interval associated with a
specific recurrence rate: give a Poisson model, the time between events (the recurrence interval)
is defined by an exponential distribution with mean equal to the recurrence rate, and the mean of
this distribution (the inverse of the rate) is typically referred to as the “mean recurrence interval.”
Table 3.3-4 also shows the uncertainty in this recurrence interval, representing the range of time-
between-events that might be seen given the mean recurrence rate.

The best comparison of hazard models across experts is the actual frequency of intersection, and
those results are presented in Section 4.
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judged relevant by each expert (their most likely event set is depicted). Color-shaded area indicates the model domain. Map grid ticks are UTM
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Figure 3.3-1. Mean Rate Density Maps for the 10,000-Year Assessment for Each Expert
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Note: Pink outcrop patterns represent Pliocene volcanic centers; red outcrop patterns represent Quaternary
volcanic centers. Asterisks represent volcanic vents. Map grid ticks are UTM meters; tick intervals are
20 km.

Figure 3.3-2. Intersection of the Regions of Interests and Model Domains for All Experts
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Table 3.3-4. Mean Recurrence Rates and Associated Recurrence Intervals for All Experts for the
Intersecting Region of Interest

Expert Mean Recurrence Rate in Mean Recurrence Interval | 5th to 95th Percentiles of the
the Intersecting ROI Associated with the Mean Recurrence Interval Given
(eventslyear) Recurrence Rate the Mean Recurrence Rate
(thousands of years) (thousands of years)
CC 2.64e-6 378 1910 1,130
BC 2.85e-6 351 18 to 1,050
WH 9.46e-6 106 5.4 to 317
MK 1.38e-6 735 37 102,170
AM 3.48e-6 287 15 to 861
MS 5.54e-6 181 9.3 to 541
FS 2.45e-6 408 21t01,223
GT 1.04e-6 961 49 to0 2,880

3.3.2 Event descriptions

As described in detail in the subsections of Section 3.2, each expert has a unique definition of an
igneous event, just as they have unique spatial and temporal models. No “standard” approaches
for defining or modeling the characteristics of individual igneous events exist, so there may
appear to be greater variety of event descriptions than there are spatial and temporal models.

While the variance among experts in event descriptions is significant, each expert includes some
common features that can be compared. All experts defined events as including the potential for
at least dikes, column-producing conduits, and non-column-producing vents. Six of the eight
experts also included the potential for sills in their event descriptions, with much lower
probability than the other features.

Figure 3.3-3 illustrates the distribution of the number of dikes in an event for each expert’s event
definition. Some experts specified a distribution on the number of dikes directly, and others
defined it as a function of other parameters. The distributions shown in the figure are from the
event simulation results with 100,000 iterations, for each expert. As described previously, both
CC and BC specified alternative event definitions. Figure 3.3-3 shows the number of dikes
associated with the event definition they assigned the highest probability for the 10,000-year
assessment. The differences in the distribution of the number of dikes between these models and
their alternative models are small. The most likely number of dikes in an event is one or two.
Two experts (CC and GT) allow for the possibility of more than 9 dikes in an event.
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NOTES: Results from 100,000 iterations of the event simulator for each expert’'s event descriptions. Simulations
with CC’s event description generate up to 50 dikes (not shown), with very low probability. Simulations
with GT’s event description generate up to 23 dikes (not shown), with very low probability.

Lines connecting the points for each expert are provided only for ease of viewing; they should not be
interpreted to imply that other-than-integer values are possible.

Figure 3.3-3. Distribution of the Number of Dikes in an Event Across Expert Models

The areal extent or “size” of an event is a function primarily of the number, length, and relative
location of dikes. Defining the size of an event requires some interpretation of the various event
descriptions. Five experts (GT, WH, MK, AM, and MS) specified that in events with more than
one dike, those dikes would be arranged in en echelon geometry, with some uncertainty in the
amount of overlap or underlap at the dike ends. For these experts, we assume an average overlap
of zero at the ends of the dikes and use the total length of dikes in the event as the event length.
Similarly, event width can be calculated based on the number of dikes in an event and the expert
assessment of the perpendicular spacing between dikes.

Two experts (FS and BC) specified that dikes would be located randomly within some event area
that they defined. For these experts, we define the length of the event as either (a) the length of
the dike, for events including only one dike, or (b) the length of the defined event area, for events
including multiple dikes. Similarly, event width is either the same as dike width (for single-dike
events) or the width of the defined event area (for multiple-dike events).

One expert (CC) specified that events consist of one or more “centers,” which could be spaced a
fairly large distance apart, resulting in potentially large effective event size with clusters of low
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igneous feature density and high igneous feature density across that event length. In this case,
event length is either the length of the center (for one-center events) or the distance between the
midpoints of the outermost centers, plus one center length (for multiple center events). The
event width is defined as distance between center boundaries in the direction perpendicular to the
alignment of centers.

Figure 3.3-4 illustrates the distribution on event lengths for all experts and Figure 3.3-5
illustrates the distribution on event widths for multiple-dike events, given these definitions of
event dimensions. One of the alternative event definitions used by BC (that associated with his
new cycle rate model) allows for very large event sizes. Although that model is defined as
applying only for his 1-My assessment, it is displayed separately on all the plots that follow for
comparison. CC’s alternative event definitions have very little impact on these summary results,
and so only the descriptions corresponding to the YMR data set are presented.
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Event Length (km)

NOTES: Results from 100,000 iterations of the event simulator for each expert’s event descriptions. The “box” for
each expert shows the 25th to 75th percentiles of the event lengths; the vertical line within that box shows
the median event length. The “error bars” show the 5th to 95th percentile range of event lengths.

CC (YMR) indicates the results for the event definition CC defined as associated with his YMR dataset; BC
(ss) indicates results for the event definition BC defined as associated with his steady-state and
increasing rate models; BC (nc) indicates results for the event definition BC defined as associated with his
new cycle rate model.

Figure 3.3-4. Range of Event Lengths Based on Simulated Events Using the Event Descriptions of
Each Expert
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NOTES: Results from 100,000 iterations of the event simulator for each expert’'s event descriptions. The “box” for
each expert shows the 25th to 75th percentiles of the event widths; the vertical line within that box shows
the median event width. The “error bars” show the 5th to 95th percentile range of event widths.

CC (YMR) indicates the results for the event definition CC defined as associated with his YMR dataset; BC
(ss) indicates results for the event definition BC defined as associated with his steady-state and increasing
rate models; BC (nc) indicates results for the event definition BC defined as associated with his new cycle
rate model.

Figure 3.3-5 Range of Event Widths Based on Simulated Events Using the Event Descriptions of Each
Expert

All experts identified the most likely type of eruption in a future event would include a violent
Strombolian phase; that is, to produce an eruption column that would carry an ash plume to an
altitude of several kilometers. In the terminology used in this report, those eruptions are
associated with “column-producing conduits.” All experts also allow for the possibility of less
explosive eruptions, but generally assigned lower probability to such eruptions. In the
terminology used here, such eruptions are associated with “non-column producing vents.” Two
experts (CC and BC) defined vents and vent-like bodies as unique features in their event
descriptions; other experts first defined “conduits,” and then assigned a probability that each
conduit would be eruption-column producing. For those experts, “conduits” that are not
column-producing are referred to simply as vents. Although the potential for a hydromagmatic
eruption was discussed at two of the workshops and in all of the elicitation interviews, it is
discussed directly in only three of the elicitation summaries (CC, MK, and FS). All three of
these experts assess the probability of a hydromagmatic eruption to be “low,” and only one (MK)
provided a (conditional) assessment on the likelihood that a future eruption would be
hydromagmatic.
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Figure 3.3-6 illustrates the distribution of the number of column-producing conduits in an event
for each expert’s event definition. For seven of the experts, the most likely number of conduits
in an event is one; for the other (AM) the most likely number is two. For the events described by
two experts (BC and GT), every event must include at least one column-producing conduit.
Each expert provided an assessment of conduit diameter, and Figure 3.3-7 illustrates these
distributions.
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NOTE: Lines connecting the points for each expert are provided only for ease of viewing; they should not be
interpreted to imply that other-than-integer values are possible.

Figure 3.3-6. Distribution of the Number of Column-Producing Conduits in an Event Based on Event
Descriptions of Each Expert
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NOTES: The “box” for each expert shows the 25th to 75th percentiles of the conduit diameters; the vertical line
within that box shows the median diameter. The “error bars” show the 5th to 95th percentile range of
conduit diameters.

BC (ss) indicates results for events associated with BC’s steady state and increasing rate models; BC (nc)
indicates results for events associated with BC’s new cycle rate model. CC provided a database of vent
and vent-like bodies to be used directly in his model. The “diameter” represented here is estimated based
on the area of the vent and an approximately circular shape.

Figure 3.3-7 Range of Conduit Diameters Based on Simulated Events Using the Event Descriptions of
Each Expert

Figure 3.3-8 illustrates the distribution of the number of non-column-producing vents in an event
for each expert’s event definition. Two experts (CC and BC) defined vents as unique features in
their event descriptions; the other experts defined “conduits,” and then assigned a probability for
each conduit that it would be column-producing. “Conduits” that are not column-producing are
interpreted as non-column-producing vents. As shown, for those experts, the number of vents in
an event is usually zero.

Finally, Figure 3.3-9 illustrates the distribution of the number of sills in an event based on each
expert’s event definition. In all cases, it is most likely that an event would not include a sill.
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Lines connecting the points for each expert are provided only for ease of viewing; they should not be
interpreted to imply that other-than-integer values are possible. CC (YMR) indicates that the results are for
simulated events associated with his YMR dataset; BC (ss) indicates results for events associated with
BC’s steady state and increasing rate models; BC (nc) indicates results for events associated with BC’s
new cycle rate model.

Figure 3.3-8. Distribution of the Number of Non-Column-Producing Vents in an Event Based on Event

Descriptions of Each Expert
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Figure 3.3-9. Distribution of the Number of Sills in an Event Based on Event Descriptions of Each
Expert

Conditional Probability of Intersection

A good summary measure of the impacts of the various event descriptions used by the different
experts is the conditional probability of intersection map for each. Figure 3.3-10 shows the
conditional probability of intersection of any feature with the repository footprint for all eight
experts (note that larger versions of these maps are included in the individual model discussions
in Section 3.2). There are two maps for CC, corresponding to his two alterative event
descriptions, and three maps for BC, corresponding to his three alternative event descriptions.
The most highly weighted event description for each of these is shown on the first page to
facilitate direct comparison among experts; the additional event descriptions are shown on the
subsequent pages.

There is a clear connection between the dimensions described above for event length and width
and the relative size of the probability contours. MK’s model includes the largest events (second
to BC’s new-cycle events), meaning that events centered relatively far from the repository
footprint may intersect the footprint. This is seen in the large areal extent of his conditional
probability of intersection contours. Those with smaller event dimensions have correspondingly
smaller conditional probability of intersection contours.
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Conditional probability of intersection is the probability of any feature interesting the repository footprint assuming an event at that location. Yellow
polygon represents the repository footprint; black triangles represent past events judged relevant by each expert (their most likely event set is depicted).
Map grid ticks are UTM meters; tick intervals are 10 km.

Figure 3.3-10. Conditional Probability of Intersection of Any Feature Based on the Event Descriptions of Each Expert.

BPBASN ‘UIRjUNOy 8oN X 10§ (N-VHAJ) 21epd() SISA[euy pIezep] d1ued[OA ONSI[IqeqoI]



10 AHYd 100000-Od-d4DON-ddL

€€

8007 Ioquaydog

NOTE:

4110000

4100000

4090000

=
S
S
S
=
g

4080000

4070000
4070000
4070000

—7 0:0004

4060000

4050000

540000 550000 560000 540000 550000 560000 540000 550000 560000 570000

Conditional probability of intersection is the probability of any feature interesting the repository footprint assuming an event at that location. Yellow
polygon represents the repository footprint; black triangles represent past events judged relevant by each expert (their most likely event set is depicted).
Map grid ticks are UTM meters; tick intervals are 10 km. Note change in scale for the last map.

Figure 3.3-10. Conditional Probability of Intersection of Any Feature Based on the Event Descriptions of Each Expert (Continued)
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4. PVHA-U RESULTS

This section of the report describes the hazard results for each individual expert’s models and
assessment (Section 4.1), as well as the aggregate results across all experts (Section 4.2). In
addition, it compares the results of the update to the PVHA-96 results considering the limitations
that result from differing event definitions between the respective elicitations (Section 4.3).

As described in Section 3.1, the quantitative result of this study is the annual probability (or
annual frequency') of an intersection of the repository footprint by an igneous event (also called
the “hazard”). There are three main components in the hazard calculation: (a) the rate density
(the frequency of events per unit time per unit area) for a specific set of models and parameters,
(b) the conditional probability of intersection (the probability that an event will intersect the
repository footprint, given that the event occurs) at every location in the expert’s region of
interest, and (c) the specification and quantification of alternative parameter sets (alternative
models and input parameters) as summarized in a logic tree.

The rate density for a specific parameter set is calculated based on the specified spatial and
temporal models. The conditional probability of intersection is calculated through Monte Carlo
simulation based on specified event characteristics. Both of these results, the rate density and the
conditional probability of intersection, are spatially varying, and are calculated on a 1-km by
I-km grid in the expert-defined region of interest. The frequency of intersection for each point
in the region of interest is the product of the rate density and the conditional probability of
intersection at that point. The overall frequency of intersection is then calculated by summing
those values over the region of interest.

For each parameter set, or each path through the logic tree, a frequency of intersection is
calculated. Those frequencies are combined with the probability of that parameter set to develop
a probability distribution on the frequency of intersection for each expert’s PVHA-U models and
assessments.

The mean rate density, the conditional probability of intersection, and the logic tree describing
the alternative parameter sets for each expert’s models and assessments are described in the
subsections of Section 3.2.  Section 4.1 discusses the results of the hazard calculations
corresponding to each expert’s individual assessments.

4.1 INDIVIDUAL RESULTS

Several types of results are described below, and are shown for each expert’s models and
assessments in the subsections that follow.

Spatial Distribution of the Mean Frequency of Intersection

As described above, the mean rate density at each grid point is multiplied by the conditional
probability of intersection at that grid point to yield a frequency of intersection at that location;
this result represents the spatial distribution of the hazard, which can be displayed on a map.

' As described in Section 3.1, the annual probability is closely approximated by the annual frequency, and annual
frequency is used in the text that follows
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Figure 4.1-1 illustrates an example. Panel (a) shows a mean rate density map; panel (b) shows a
conditional probability of intersection map, and panel (c¢) shows the resulting mean frequency of
intersection. Panel (c) is calculated by multiplying the mean rate density at each point by the
conditional probability of intersection for an event centered at that point, as specified in
Equation 3-1, and the values at the points are mapped and contoured in the panel.

For all such maps in this section, the outermost contour represents the set of locations at which
there is an annual probability of le-13 that an event would occur and result in a feature
intersecting the repository footprint.> Outside that contour the probability is less, and inside the
contour the probability is greater. Contours represent each order of magnitude change in value.
On each map, only the outer and inner contours are labeled. While the outer contour is always at
le-13, the probability associated with the inner contour varies across experts, based on their
specific models.

? le-13 was chosen as the outer contour for consistency of display across experts. le-13 is the lowest probability
contour that is produced consistently across all expert models.
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the mean annual frequency of igneous any feature. Contours represent the of intersection. Contours represent the
events (events per year) per km?. probability that an event assumed to mean annual probability of an intersection

occur at each location would result in the of the repository footprint by an igneous
intersection of any igneous feature with feature.

the repository footprint.

NOTES: The repository footprint is shown as a yellow polygon. Map grid ticks are UTM meters; tick intervals for map (a) are 20 km; map (b) and (c) are 10 km.

This example is shown for the models of Frank Spera, which are discussed in Section 4.1.7.

Figure 4.1-1.  Example of the Components of the Hazard Calculation
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Frequency of Intersection, Including Uncertainty

In addition to developing an estimate of the mean annual frequency of intersection, a goal of the
PVHA-U effort was to capture and quantify the uncertainty in that estimate. As described above,
each path through the logic tree specified by an expert (as described in the subsections of
Section 3.2) has an associated probability and leads to a unique estimate of the frequency of
intersection. Together, these values define a probability distribution on the annual frequency of
intersection for that expert’s models and assessments. An example of how these results are
presented is shown in Figure 4.1-2. The top figure is a cumulative distribution function (CDF),
and the bottom figure is a probability mass function (pmf). The values of the mean of the
distribution (the probability-weighted average), the median (the 50th percentile), and the 5th and
95th percentiles are printed in the legend. In the figures, the mean value is shown with the
dashed vertical line on both figures, the median is shown with an open square on the pmf, and
the 5th to 95th percentile range is shown by the horizontal line and “error bars” associated with
the median. For each expert, the frequency of intersection of any feature (dike, column-
producing conduit, non-column producing vent, or sill) with the repository footprint is shown in
the subsections below, and any differences that might be seen for the frequency of intersection of
a specific type of feature are discussed in the text.
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° 37
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Annual Frequency of Intersection (any feature)

NOTE:  Top figure is a cumulative distribution function, bottom figure is a probability mass function. The mean is
shown by the dashed vertical line, the median with the open box, and the 5th to 95th percentiles with the
horizontal line.

Figure 4.1-2. Example Presentation of Hazard Results: Distribution of the Frequency of Intersection
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Contributions to Uncertainty

Two types of uncertainty are considered below: uncertainty in the mean hazard and overall
uncertainty in the hazard estimate (e.g., the variance in the hazard estimate or the spread of the
distribution).

A sensitivity analysis was conducted to explore both of these issues; each node in the logic tree
for an expert’s model was set or “controlled” to one of its branch values, and the hazard was
recalculated with all other logic tree nodes implemented as specified. This protocol has the
effect of “removing” that single uncertainty from the model, and allows one to see what effect
that component has on the overall distribution. In the sensitivity analysis, the controlled node is
set sequentially to each of its (n) branch values, and the frequency of intersection is calculated »
times. The analysis is done for each node in the logic tree, and the results are shown in a
sensitivity chart such as the example shown in Figure 4.1-3. On these sensitivity charts, the
y-axis crosses the x-axis at the mean frequency of intersection for any feature for that expert’s
full model. The end of each bar represents the mean frequency of intersection calculated while
holding the specified node of the logic tree constant at one value (one of the branches on that
node) and letting all others vary as in the full analysis. The length of the bar represents the
maximum change in the mean frequency that could be obtained by setting that node to any of its
possible branches: that is, any of the alternative models or parameter values specified for that
uncertainty. The longer the bar, the greater is the contribution of that uncertainty to the
uncertainty in the mean hazard. For the example in Figure 4.1-3, uncertainty in the “Rate”
parameter is the largest contributor to uncertainty in the mean hazard. Other parameters have
lesser impacts, as shown by the decreasing change as one moves down the bars on the y-axis.

Rate

Temporal / Rate Model

Event Perspective

Region of Interest

|
0.0E+00 5.0E-08 1.0E-07 1.5E-07 2.0E-07 2.5E-07

Mean Frequency of Intersection

NOTE: Labels on each bar correspond to the nodes in the logic tree for that expert’s model as described in
Section 3.2. The length of each bar shows the range of the mean hazard values that result from fixing the
value of the specified model component at one of its branch values. This range represents the degree to
which the mean hazard is affected by uncertainty in the specified model component.

Figure 4.1-3. Example of Sensitivity Chart lllustrating the Contribution to Uncertainty in the Mean
Hazard from Uncertainties in Individual Model Components and Assessments
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In addition, sensitivity analysis allows one to consider the contribution of each individual
uncertainty to the overall uncertainty in the hazard. This contribution is quantified by
considering changes in the coefficient of variation (CoV)® for the distribution of intersection
frequency as each node in the logic tree is held constant at one of its branch values. Figure 4.1-4
illustrates an example of the sensitivity chart used to summarize these results. The values shown
in the figure are normalized relative to the CoV for the full distribution: the greater the difference
in the relative CoV when a node is held constant, the more that uncertainty contributes to the
overall uncertainty in the hazard. The model components are sorted so that the model
components with the largest average contribution to uncertainty appear on the right. The
average contribution to uncertainty is calculated as the mean value when each branch value for
that model component is weighted by its probability (shown with the diamonds in the figure).
The relative CoV that results when the model component is set to each branch is calculated, and
the maximum and minimum change are plotted as the “error bars” associated with each model
component. It is possible, then, for a model component to have a low average contribution to
uncertainty, but for specific branches to result in large changes in the relative CoV; in such a
case the model component would appear on the left, reflecting its small contribution on average,
but the error bars would indicate large changes, reflecting the fact that the specific branch value
matters. In the example figure, the differences in the impact on uncertainty for each model
component are similar regardless of which branch is selected to represent the model component.

. 1.2
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e g 0.8
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E = 0.4
o
> 02
o
0.0
Region of Event Temporal / Rate
Interest Perspective Rate Model
Smaller Model Component (uncertainty) Larger
contribution to contribution to
overall uncertainty » overall uncertainty

NOTE: Graph shows the CoV for the hazard distribution calculated with the specified model component fixed at
each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest
and lowest relative CoVs calculated across the branches for that model component.

Figure 4.1-4. Example of Sensitivity Chart lllustrating the Contribution to Overall Uncertainty in the
Hazard from Uncertainties in Individual Model Components and Assessments

3 The coefficient of variation for a distribution is defined as the ratio of the standard deviation to the mean, and is a
measure of the spread of a distribution that is less sensitive to changes in the mean than the standard deviation alone.
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The solid diamonds on this graph represent the probability-weighted average of the relative CoV
for each model component/uncertainty, and the error bars represent the endpoints for the specific
“branches” on that node.

Potential for Multiple Intersections

The PVHA-U experts all described events that could include multiple features, so it is possible
that a single event might result in more than one intersecting feature. Figure 4.1-5 shows an
example of how the potential for multiple intersections for each expert’s models are presented.
This figure shows a set of plots, each illustrating the distribution of the number of intersections
of a specific feature (dikes, conduits, or vents) for an event centered at a specific point,
conditional on at least one such intersection occurring. The example figure shows the
approximate outline of the repository footprint in the center for reference, and plots representing
locations within (or partially within) the repository are shown in green. At each point, the small
plot shows the distribution of the number of intersections given least one intersection. Plots with
no bars (e.g., in the upper left corner at 545 E, 4087 N) indicate that the probability of an
intersection for an event at that location is zero. All other plots show the number of intersections
conditional on at least one intersection occurring. The plot at 545 E, 4079 N, for example,
indicates that there is at most one intersection for an event at that location. The plot at 548 E,
4078 N indicates that there can be multiple dike intersections given an event at that location
(which is within the repository footprint). These plots are presented below for each expert for
dikes, conduits, and vents.

Given that an intersection occurs, it is more likely to be from an event that is close to the
footprint than from an event that is far from the footprint. Generally, events close to the
footprint are also more likely to lead to multiple intersecting features. The example in
Figure 4.1-6 shows how these results can be summarized: it shows the result of multiplying the
distribution of number of intersecting features at each point by the relative frequency of events at
those points.
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NOTE: Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Solid line represents the approximate boundary of the repository footprint for reference. Grid
points representing locations that are within, or partially within, the repository footprint are plotted in green.
Blank plots (e.g., in the upper left corner) indicate that the probability of an intersection for an event at that
location is zero. All other plots show the number of intersections conditional on at least one. The plot at
545 E, 4079 N indicates that there is at most one intersection for events at that location. The plot at 548 E,
4077 N indicates that multiple intersections can occur given an event at that location.

Figure 4.1-5.  Example of Schematic Showing the Distribution of the Number of Features That Intersect
the Repository Footprint Given an Event at Each Grid Point, Conditional on at Least One
Intersection
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NOTE: Example figure corresponds to the conditional distribution of dike intersections, based on the example in
Figure 4.1-5.

Figure 4.1-6. Example of Distribution of the Conditional Distribution of the Number of Dikes That
Intersect the Repository Footprint, Given That at Least One Such Intersection Occurs

4.1.1 PVHA-U Results for Charles Connor

This section describes the results of the PVHA-U models specified by Charles Connor (CC).
Those models and assessments are described in Section 3.2.1 and the elicitation summary in
Appendix D. Section4.1.1.1 discusses the results of the 10,000-year assessment for the
frequency of intersection of any feature with the repository footprint. The frequency of
intersection of specific features with the repository footprint is discussed in Section 4.1.1.2, and
differences in the hazard calculated for the 10,000-year assessment and the 1-My assessment are
discussed in Section 4.1.1.3.

4.1.1.1 Hazard Results for the 10,000-Year Assessment

Figure 4.1.1-1 summarizes the spatial distribution of hazard calculated using Charles Connor’s
PVHA-U models for the 10,000-year assessment. These contours extend slightly further to the
SSW of the repository footprint than to the NNE (seen most clearly in the 1e-9 contour),
reflecting the higher rate density in that direction.

Figure 4.1.1-2 illustrates the uncertainty in the frequency of intersection of any feature with the
repository footprint. The mean frequency of intersection is marked on both graphs by a dashed
vertical line, and the median, Sth, and 95th percentiles are shown on the pmf. The mean
frequency of intersection of any feature with the repository footprint is 6.6e-08; the median
frequency is 2.6e-8. The Sth and 95th percentiles are 2.2e-9 and 2.8e-07, respectively.
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(b) Conditional probability of intersection of
any feature. Contours represent the
probability that an event assumed to
occur at each location would result in the
intersection of any igneous feature with
the repository footprint. Map shown is for
events associated with the YMR data set
only.
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(c) Spatial distribution of the mean
frequency of intersection. Contours
represent the mean annual probability of
an intersection of the repository footprint
by an igneous feature.

Figure 4.1.1-1.  Components of the Hazard Calculation for PVHA-U Models Specified by Charles Connor, for the 10,000-Year Assessment
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NOTE:  Top figure is a cumulative distribution function, bottom figure is a probability mass function. The mean is
shown by the dashed vertical line; median with the open box, and the 5th to 95th percentiles with the
horizontal line.

Figure 4.1.1-2. Hazard Results for the 10,000-Year Assessment from PVHA-U Models Specified by
Charles Connor

Contributions to Uncertainty

Contributions from various model components to uncertainty in the mean hazard in CC’s models
are illustrated in Figure 4.1.1-3. The largest contributor to uncertainty in the mean hazard in
CC’s models is the uncertainty in the temporal model. As described in Section 3.2.1, CC
specified three alternative temporal models: a steady-state model based on the rate of past events
in the YMR or the AVIP, an increased rate model based on rates in higher-density fields in the
southern Great Basin, and a field extinction model with a rate derived from the longest time
between events in the YMR. If the rate model were known with certainty to be the increased rate
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model, the mean hazard would be 4e-07, as shown by the right end of the top bar (labeled
“Temporal model”) in the figure. Similarly, if the rate model were known with certainty to be
the field extinction model, the mean hazard would be 5.8e-09, as shown by the left end of the
“Temporal model” bar.

Temporal model

Roisson rate

Uncertainty in spatial
density

Spatial model

Event set

0.0E+00 5.0E-08 1.0E-07 1.5E-07 2.0E-07 2.5E-07 3.0E-07 3.5E-07 4.0E-07 4.5E-07

Mean Frequency of Intersection

NOTE: Labels on each bar correspond to the nodes in the logic tree for CC’s model as described in Section 3.2.
The length of each bar shows the range of the mean hazard values that result from fixing the value of the
specified model component sequentially at each of its branch values. This range represents the degree to
which the mean hazard is affected by uncertainty in the specified model component.

Figure 4.1.1-3. Contribution of Uncertainty in PVHA-U Model Components to Uncertainty in the Mean
Hazard, for Models for the 10,000-Year Assessment Specified by Charles Connor

Uncertainty in the rate itself (shown in the figure as the bar labeled “Poisson rate”), given a
particular temporal model, also has a significant impact on the mean hazard. This bar represents
a combination of several uncertainties: uncertainty in the rate for a Poisson model that is derived
based on the past events identified as relevant by CC (for the steady-state and the field extinction
temporal models), and uncertainty in the rate as specified by CC for the increased rate model.

Parameters related to the spatial model have less impact on the mean hazard than those related to
the temporal model. Among the uncertainties related to the spatial distribution, mean hazard is
most sensitive to the uncertainty in spatial density that results from fitting a kernel density
estimate to the event set (the “Uncertainty in spatial density” bar).

Contribution of various model components to overall uncertainty in the hazard for CC’s model is
shown in Figure 4.1.1-4. Uncertainty in the frequency of intersection is most sensitive to the
choice of temporal model. The small difference between the endpoints of the error bars indicates
that the relative uncertainty in the hazard would be reduced by a similar amount regardless of
which temporal model is selected. Uncertainty in the hazard is also sensitive to the uncertainty
in the selection of the appropriate event set (YMR or AVIP). In contrast to the temporal model,
the large difference shown by the error bars indicates that the relative uncertainty in hazard
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would be reduced much more if one particular data set were selected as appropriate (in this case,
uncertainty in the hazard is reduced more if the AVIP data set is used than if the YMR data set is
used).
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NOTE: Graph shows the CoV for the hazard distribution calculated with the specified model component fixed at
each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest
and lowest relative CoVs calculated across the branches for that model component.

Figure 4.1.1-4. Contribution of Uncertainty in PVHA-U Model Components to Overall Uncertainty in the
Hazard Estimate, for Models for the 10,000-Year Assessment Specified by Charles
Connor

4.1.1.2 Discussion of Individual Features

As described in Section 3.2.1, CC’s events include dikes, column-producing conduits, and non-
column producing vents. They may also include sills. The conditional probability of
intersection of each type of feature with the repository footprint was illustrated in Section 3.2.1,
and as discussed, the shape of the conditional probability of intersection maps for each individual
feature is the same as for the conditional probability of intersection for any feature: no consistent
clustering or grouping of individual features in an event occurs. Similarly, the full distribution of
the frequency of intersection for any individual feature follows the same pattern as the
distribution for any feature shown in Figure 4.1.1-2, simply shifted to the lower frequencies
associated with the individual feature.

Table 4.1.1-1 shows the mean and median frequencies of intersection for each feature.
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Table 4.1.1-1.Mean and Median Frequency of Intersection of Various Igneous Features with the
Repository Footprint, for Charles Connor’s 10,000-Year Assessment

Median Frequency of
Feature Mean Frequency of Intersection Intersection
Any feature 6.6e-8 2.6e-8
Dikes 6.5e-8 2.5e-8
Column-producing conduits 2.0e-8 7.7e-9
Vents 3.0e-8 1.2e-8
Sills 1.9e-9 7.4e-10

Potential for Multiple Intersections

Because events could include multiple features, a single event might have more than one
intersecting feature. Events that are “centered” closer to the repository footprint are more likely
to have multiple features intersect the footprint than are events centered further away.

Figure 4.1.1-5 shows a set of plots illustrating the distribution of the number of dike intersections
for an event centered at a specific point, conditional on at least one such intersection occurring.
The maximum number of dike intersections that occurred over 100,000 simulations was 43,
which occurred for an event centered in the southern portion of the repository footprint.

The graph in Figure 4.1.1-6 combines the conditional distribution of number of intersecting
features at each point with the relative frequency of events at those points. As shown, assuming
dike intersection occurs, it is most likely (about 32%) that only one dike intersects, but the
potential exists for as many as 40 intersections. There is a 5% chance of more than 11 dike
intersections.

Figures 4.1.1-7 and 4.1.1-8 show the same data for conduits: the distribution on number of
conduit intersections given at least one conduit intersects the footprint. Given a conduit
intersection, it is most likely that only one such intersection would occur, which results from the
assessment that at most one vent per “center” would be a column-producing conduit and the
relatively wide spacing of centers in an event. In CC’s models, vents are more common than
conduits, and so the probability of multiple vent intersections is higher than the probability of
multiple conduit intersections. Figures 4.1.1-9 and 4.1.1-10 show the number of vent
intersections, given at least one vent intersects the footprint.
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.1-5.  Schematic Showing the Distribution of the Number of Dikes That Intersect the

Repository Footprint Given an Event at Each Grid Point, Given at Least One Dike
Intersection Occurs (based on Charles Connor’s event model associated with his YMR
data set)
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Figure 4.1.1-6.  Conditional Distribution of the Number of Dikes That Intersect the Repository Footprint,
Given That at Least One Dike Intersection Occurs (for Charles Conner’s event model
associated with the YMR data set)
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.1-7.  Schematic Showing the Distribution of the Number of Conduits That Intersect the

Repository Footprint Given an Event at Each Grid Point, Given at Least One Conduit
Intersection Occurs (for Charles Conner’s event model associated with the YMR data
set)
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Figure 4.1.1-8.  Conditional Distribution of the Number of Conduits That Intersect the Repository
Footprint, Given That at Least One Conduit Intersection Occurs (for Charles Conner’s
event model associated with the YMR data set)
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.1-9.  Schematic Showing the Distribution of the Number of Vents That Intersect the

Repository Footprint Given an Event at Each Grid Point, Given at Least One Vent
Intersection Occurs (for Charles Conner’s event model associated with the YMR data
set)
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Figure 4.1.1-10. Conditional Distribution of the Number of Vents That Intersect the Repository Footprint,
Given That at least One Vent Intersection Occurs (for Charles Conner’s event model
associated with the YMR data set)

4.1.1.3 Results at Different Future Times

The primary difference in CC’s 10,000-year and 1-My assessments is that higher probabilities
were assigned to the increased rate model and the field extinction rate model for the 1-My
assessment. This results in greater uncertainty in the hazard estimate, as shown in Figure 4.1.1-
11. As shown, the effect is not symmetric: the mean hazard increases for the 1-My assessment,
even as the uncertainty in the hazard estimate also increases.

A sensitivity analysis similar to that described above was conducted using the models for CC’s
1-My assessment. The relative impact of each of the model components on the mean hazard for
the 1-My assessment is the same as for the 10,000-year assessment. Specifically, the mean
hazard is most sensitive to the temporal model, second most sensitive to the Poisson rate for
those temporal models, and so forth. The contribution of the various model components to
overall uncertainty (shown in Figure 4.1.1-12) is slightly different for the 1-My assessment than
for the 10,000-year assessment: all model components other than the temporal model have a
slightly higher contribution to overall uncertainty than those same components have in the
10,000-year assessment. Note, for example, the “error bars” associated with the “Event set,”
which indicates that selecting one specific event set would not have as dramatic an effect on the
CoV as it would for the 10,000-year assessment. This is a result of the increased uncertainty in
the hazard estimate itself, which results from the higher probabilities assigned to alternative
temporal models (the increased rate and field extinction models).
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NOTE:  Top figure is a cumulative distribution function, bottom figure is a probability mass function. The mean is
shown by the dashed vertical line, the median with the open box, and the 5th to 95th percentiles with the
horizontal line.

Figure 4.1.1-11. Hazard Results for the 1-My Assessment from PVHA-U Models Specified by Charles
Connor
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NOTE: Graph shows the CoV for the hazard distribution calculated with the specified model component fixed at
each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest
and lowest relative CoVs calculated across the branches for that model component.

Figure 4.1.1-12. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for PHVA-U Models for the 1-My Assessment Specified by Charles Connor
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4.1.2 PVHA-U Results for Bruce Crowe

This section describes the results of the PVHA-U models specified by Bruce Crowe (BC). Those
models and assessments are described in Section 3.2.2 and the elicitation summary in
Appendix D.  Section 4.1.2.1 discusses the results of the 10,000-year assessment for the
frequency of intersection of any feature with the repository footprint. The frequency of
intersection of specific features with the repository footprint is discussed in Section 4.1.2.2, and
differences in the hazard calculated for the 10,000-year assessment and the 1-My assessment are
discussed in Section 4.1.2.3.

4.1.2.1 Hazard Results for the 10,000-Year Assessment

Figure 4.1.2-1 summarizes the spatial distribution of hazard calculated using Bruce Crowe’s
PVHA-U models for the 10,000-year assessment. Panel (b) shows the conditional probability of
intersection for events associated with the steady-state and increasing rate models only, which
are weighted much higher than the decreased rate or the new cycle rate model for the
10,000-year assessment. Panel (c) shows the spatial distribution of mean hazard calculated using
all rate models appropriately weighted. The “hole” in the mean frequency of intersection plot
results directly from the small zone with zero rate density, defined by the area of high lithostatic
pressure, located to the north of the repository footprint.

Figure 4.1.2-2 illustrates the uncertainty in the frequency of intersection of any feature with the
repository footprint. The mean frequency of intersection is marked on both graphs by a dashed
vertical line, and the median, 5th, and 95th percentiles are shown on the pmf. The mean
frequency of intersection of any feature with the repository footprint is 9.4e-8; the median
frequency is 8.1e-8. The 5th and 95th percentiles are 8.4e-9 and 2.4e-7, respectively.
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Figure 4.1.2-1. Components of the Hazard Calculation for PVHA-U Models Specified by Bruce Crowe, for the 10,000-Year Assessment
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NOTE:  Top figure is a cumulative distribution function, bottom figure is a probability mass function. The mean is
shown by the dashed vertical line, the median with the open box, and the 5th to 95th percentiles with the
horizontal line.

Figure 4.1.2-2. Hazard Results for the 10,000-Year Assessment from PVHA-U Models Specified by
Bruce Crowe

Contributions to Uncertainty

Contributions from various model components to uncertainty in the mean hazard in BC’s models
are illustrated in Figure 4.1.2-3. The largest contributor to uncertainty in the mean hazard is the
uncertainty in rate. The rate uncertainty also incorporates some uncertainty related to the
selection of the appropriate temporal model. Because the logic tree structure uses a single node
to represent uncertainty in the rate, when that node is set to one of its branches in the sensitivity
analysis, it is set to that value for all the rate models simultaneously. The second largest
contributor to uncertainty in the mean is the temporal model. As described in Section 3.2.2, BC
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specified three alternative temporal models as relevant for the 10,000-year assessment: a steady-
state model, an increased rate model, and a background rate model. If the rate model were
known with certainty to be the increased rate model, the mean hazard would be 1.4e-7, as shown
by the right end of the bar (labeled “Temporal model”) in the sensitivity graph. Similarly, if the
rate model were known with certainty to be the background rate model, the mean hazard would
be 2.8e-08, as shown by the left end of the “Temporal model” bar.

Parameters related to the spatial model have less impact on the mean hazard than those related to
the temporal model, but their impact is still large. The effect of alternative regions of interest,
for example, can potentially change the mean hazard by half an order of magnitude, as shown by
the length of the “Region of interest” bar at the bottom of the figure.

| 1 |

Rate

Temporal / rate
model

Event perspective

Region of interest

|

I

0.0E+00 5.0E-08 1.0E-07 1.5E-07 2.0E-07 2.5E-07

Mean Frequency of Intersection

NOTE: Labels on each bar correspond to the nodes in the logic tree for BC’s models as described in Section 3.2.
The length of each bar shows the range of the mean hazard values that result from fixing the value of the
specified model component at one of its branch values. This range represents the degree to which the
mean hazard is affected by uncertainty in the specified model component.

Figure 4.1.2-3. Contribution of Uncertainty in PVHA-U Model Components to Uncertainty in the Mean
Hazard, for Models for the 10,000-Year Assessment Specified by Bruce Crowe

Contribution of various model components to overall uncertainty in the hazard for BC’s models
is shown in Figure 4.1.2-4. For BC’s models, the impacts of individual uncertainties in the
models on the overall uncertainty are very similar to their impacts on uncertainty in the mean
hazard.
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NOTE: Graph shows the CoV for the hazard distribution calculated with the specified model component fixed at
each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest
and lowest relative CoVs calculated across the branches for that model component.

Figure 4.1.2-4. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for PVHA-U Models for the 10,000-Year Assessment Specified by Bruce Crowe

4.1.2.2 Discussion of Individual Features

As described in Section 3.2.2, BC’s events include dikes and column-producing conduits, and
might also include non-column-producing vents. The conditional probability of intersection of
each type of feature with the repository footprint was illustrated in Section 3.2.2. As discussed,
the shape of the conditional probability of intersection maps for each individual feature is the
same as for the conditional probability of intersection for any feature; no particular clustering or
grouping of individual features in an event occurs. Similarly, the full distribution of the
frequency of intersection for any individual feature follows the same pattern as the distribution
for any feature shown in Figure 4.1.2-2, simply shifted to the lower frequencies associated with
the individual feature.

Table 4.1.2-1 shows the mean and median frequencies of intersection for each feature.
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Table 4.1.2-1.Mean and Median Frequency of Intersection of Various Igneous Features with the
Repository Footprint, for Bruce Crowe’s 10,000-Year Assessment

Feature Mean Frequency of Intersection Median Frequency of
Intersection
Any feature 9.4e-8 8.1e-8
Dikes 9.4e-8 8.1e-8
Column-producing conduits 4.3e-8 3.8e-8
Vents 2.4e-8 2.0e-8

Potential for Multiple Intersections

Figure 4.1.2-5 shows a set of plots illustrating the distribution of the number of dike intersections
for an event centered at a specific point, conditional on at least one such intersection occurring.
The figure shows the number of dike intersections based only on the event descriptions
corresponding to the steady-state and increased rate models, the most highly weighted models for
the 10,000-year assessment. Events centered inside the repository footprint (e.g., at 548 E,
4079 N), are more likely to have two dikes intersect the footprint than to have one dike intersect.

The graph in Figure 4.1.2-6 combines the relative likelihood of a dike intersection at each point
shown in Figure 4.1.2-5 with the conditional distribution of the number of dike intersections for
an event at those points to yield a conditional distribution on the number of dike intersections,
given that at least one such intersection occurs. As shown, assuming that a dike intersection
occurs, it is most likely (probability of 0.66) that only one dike intersects, but the potential exists
for as many as 5 intersections (with probability 0.005).

Figure 4.1.2-7 and 4.1.2-8 show the same data for conduits: the distribution on number of
conduit intersections given that at least one conduit intersects the footprint. Given a conduit
intersection, it is most likely that only one such intersection would occur, which results from the
assessment that the distance between conduits for an event with multiple conduits is relatively
large compared to the size of the repository. Figures 4.1.2-9 and 4.1.2-10 show the number of
vent intersections, given that at least one vent intersects the footprint. In BC’s models,
non-column-producing vents are less likely than column-producing conduits.
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.2-5. Schematic Showing the Distribution of the Number of Dikes That Intersect the Repository

Footprint Given an Event at Each Grid Point, Given That at Least One Dike Intersection
Occurs (based on Bruce Crowe’s event model associated with his steady-state and
increasing rate models)
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Figure 4.1.2-6. Conditional Distribution of the Number of Dikes That Intersect the Repository Footprint,
Given That at Least One Dike Intersection Occurs (based on Bruce Crowe’s event model

associated with his steady-state and increasing rate models)
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NOTE: Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.2-7. Schematic Showing the Distribution of the Number of Conduits That Intersect the
Repository Footprint Given an Event at Each Grid Point, Given That at Least One
Conduit Intersection Occurs (based on Bruce Crowe’s event model associated with his
steady-state and increasing rate models)
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Figure 4.1.2-8. Conditional Distribution of the Number of Conduits That Intersect the Repository
Footprint, Given That at Least One Conduit Intersection Occurs (based on Bruce Crowe’s
event model associated with his steady-state and increasing rate models)
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NOTE: Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.2-9. Schematic Showing the Distribution of the Number of Vents That Intersect the Repository
Footprint Given an Event at Each Grid Point, Given That at Least One Vent Intersection
Occurs (based on Bruce Crowe’s event model associated with his steady-state and
increasing rate models)

TDR-MGR-PO-000001 REV 01 4-33 September 2008



Probabilistic Volcanic Hazard Analysis Update (PVHA-U) for Yucca Mountain, Nevada

0.8
|

0.6

Probability
0.4

0.2

- ~ ™

Number of Intersecting Vents Given at Least One

Figure 4.1.2-10. Conditional Distribution of the Number of Vents That Intersect the Repository Footprint,
Given That at Least One Vent Intersection Occurs (based on Bruce Crowe’s event
model associated with his steady-state and increasing rate models)

4.1.2.3 Results at Different Future Times

The primary differences in BC’s 10,000-year and 1-My assessments are that higher probabilities
were assigned to the larger regions of interest, and higher probabilities were assigned to the new
cycle and background rate models for the 1-My assessment. The inclusion of the new cycle rate
model for the 1-My assessment also leads to the possibility of large-footprint events. The overall
result of these differences is a slight increase in the overall uncertainty in the mean hazard
estimate, as shown by the wider range of the 5th to 95th percentile in Figure 4.1.2-11. While the
uncertainty in the hazard is greater for the 1My assessment than for the 10,000-year assessment,
the mean and median hazard are both less, due to the higher probabilities assigned to the lower
rate models and the larger regions of interest.

A sensitivity analysis parallel to that described above was conducted using the models for BC’s
1-My assessment. The relative impact of each of the model components on the mean hazard for
the 1-My assessment is the same as for the 10,000-year assessment. As a wider range of
temporal models is used in the 1-My assessment, the contribution of the temporal model to
overall uncertainty is greater for the 1-My assessment than for the 10,000-year assessment, as
shown in Figure 4.1.2-12.
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NOTE:  Top figure is a cumulative distribution function, bottom figure is a probability mass function. The mean is
shown by the dashed vertical line, the median with the open box, and the 5th to 95th percentiles with the

horizontal line.

Figure 4.1.2-11. Hazard Results for the 1-My Assessment from PVHA-U Models Specified by Bruce
Crowe
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Graph shows the CoV for the hazard distribution calculated with the specified model component fixed at
each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest

and lowest relative CoVs calculated across the branches for that model component.

Figure 4.1.2-12. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for PVHA-U Models for the 1-My Assessment Specified by Bruce Crowe
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4.1.3 PVHA-U Results for William Hackett

This section describes the results of the PVHA-U models specified by William Hackett (WH).
Those models and assessments are described in Section 3.2.3 and the elicitation summary in
Appendix D. Section 4.1.3.1 discusses the results of the 10,000-year assessment for the
frequency of intersection of any feature with the repository footprint. The frequency of
intersection of specific features with the repository footprint is discussed in Section 4.1.3.2, and
differences in the hazard calculated for the 10,000-year assessment and the 1-My assessment are
discussed in Section 4.1.3.3.

4.1.3.1 Hazard Results for the 10,000-Year Assessment

Figure 4.1.3-1 summarizes the spatial distribution of hazard calculated using WH’s PVHA-U
models for the 10,000-year assessment. The spatial distribution of the mean frequency of
intersection map in panel (c) looks like the conditional probability of intersection map in panel
(b), as would be expected due to the small change in rate density across the area encompassed by
a positive conditional probability of intersection. The effect of the region of interest boundary
west of the repository footprint can be seen in the outer contours of the frequency of intersection
map.

Figure 4.1.3-2 illustrates the uncertainty in the frequency of intersection of any feature with the
repository footprint. The mean frequency of intersection is marked on both graphs by a dashed
vertical line, and the median, 5th, and 95th percentiles are shown on the pmf. The mean
frequency of intersection of any feature with the repository footprint is 4.7¢-8; the median
frequency is 3.1e-8. The 5th and 95th percentiles are 9.7e-9 and 1.6e-7, respectively.
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Figure 4.1.3-1. Components of the Hazard Calculation for PVYHA-U Models Specified by William Hackett, for the 10,000-Year Assessment
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NOTE:  Top figure is a cumulative distribution function, bottom figure is a probability mass function. The mean is
shown by the dashed vertical line, the median with the open box, and the 5th to 95th percentiles with the
horizontal line.

Figure 4.1.3-2. Hazard Results for the 10,000-Year Assessment from PVHA-U Models Specified by
William Hackett

Contributions to Uncertainty

Contributions from various model components to uncertainty in the mean hazard in WH’s
models are illustrated in Figure 4.1.3-3. The four largest contributors to uncertainty in the mean
hazard are all associated with the models used to estimate recurrence rate. Volume per event is
the largest contributor, and the rate of change of cumulative volume (CV) over time is the third
largest; together these parameters define the rate for the time-volume temporal approach. The
uncertainty about the appropriate temporal modeling approach is the second largest contributor,
and the uncertainty in the rate for the Poisson rate model is the fourth largest contributor to
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uncertainty in the mean hazard. Note that in this figure, uncertainty related to the interpretation
of past events is displayed for each event for which multiple interpretations were made. For
example, the number of past events at Skull Mountain is interpreted to be either 3 or 6; the
number of past events at Little Cones is interpreted to be either 1 or 2. The impacts of these
alternative interpretations are explored one at a time, as those interpretations are independent.
While the interpretation of each individual event has a small impact on the mean hazard, over the

entire range of “past event sets,” the impact on mean hazard would be larger than displayed in
Figure 4.1.3-3.
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NOTE: Labels on each bar correspond to the nodes in the logic tree for WH’s models as described in Section 3.2.
The length of each bar shows the range of the mean hazard values that result from fixing the value of the
specified model component at one of its branch values. This range represents the degree to which the
mean hazard is affected by uncertainty in the specified model component. CV = cumulative volume;
WCF = western Crater Flat; K, J, 1, 2, 3 are numbered/lettered anomalies.

Figure 4.1.3-3. Contribution of Uncertainty in Model Components to Uncertainty in the Mean Hazard, for
PVHA-U Models for the 10,000-Year Assessment Specified by William Hackett

Contributions of various model components to overall uncertainty in the hazard for WH’s
models are shown in Figure 4.1.3-4. For WH’s models, the impacts of the model components on
the overall uncertainty are very similar to their impacts on uncertainty in the mean hazard: the
uncertainty in hazard is most sensitive to uncertainties related to the temporal model, and
significantly less sensitive to the uncertainties associated with the spatial model. Although the
“average” impact of uncertainty in the Poisson rate on the relative CoV is small, note that the
impact of a specific rate (the high or the low rate), if selected to represent that rate, may result in
a greater change to the relative CoV, leading to an increase or decrease in CoV by about 20%.
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NOTE: Graph shows the CoV for the hazard distribution calculated with the specified model component fixed at
each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest
and lowest relative CoVs calculated across the branches for that model component. CV = cumulative
volume; WCF = western Crater Flat; K, J, 1, 2, 3 are numbered/lettered anomalies.

Figure 4.1.3-4. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for PHVA-U Models for the 10,000-Year Assessment Specified by William
Hackett

4.1.3.2 Discussion of Individual Features

As described in Section 3.2.3, WH’s events all include dikes, and might also include column-
producing conduits, non-column-producing vents, and sills. The conditional probability of
intersection of each type of feature with the repository footprint was illustrated in Section 3.2.3,
and, as discussed, the shape of the conditional probability of intersection maps for each
individual feature is the same as for the conditional probability of intersection for any feature: no
particular clustering or grouping of individual features in an event occurs. Similarly, the full
distribution of the frequency of intersection for any individual feature follows the same pattern as
the distribution for any feature shown in Figure 4.1.3-2, simply shifted to the lower frequencies
associated with the individual feature.

Table 4.1.3-1 shows the mean and median frequencies of intersection for each feature.
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Table 4.1.3-1.Mean and Median Frequency of Intersection of Various Igneous Features with the
Repository Footprint, for William Hackett's 10,000-Year Assessment

Median Frequency of
Feature Mean Frequency of Intersection Intersection
Any feature 4.7e-8 3.1e-8
Dikes 4.7e-8 3.1e-8
Column-producing conduits 1.7e-8 1.1e-8
Vents 7.0e-9 4.6e-9
Sills 5.9e-11 3.8e-11

Potential for Multiple Intersections

Figure 4.1.3-5 shows a set of plots illustrating the distribution of the number of dike intersections
for an event centered at a specific point, conditional on at least one such intersection occurring.
Because WH’s events are much more likely to include one dike than to include multiple dikes,
the most likely number of intersections across the region as shown in the figure is one, but
multiple dike intersections are possible depending on the event location. Figure 4.1.3-6
combines the relative likelihood of a dike intersection at each point with the conditional
distribution of the number of dike intersections for an event at those points to yield a conditional
distribution on the number of dike intersections, given that at least one such intersection occurs.
As shown, assuming that a dike intersection occurs, it is most likely (probability of 0.78) that
only one dike intersects, but the potential exists for as many as 5 intersections. Four
intersections have a probability of 0.005; five intersections have a probability of about 0.0001.

Figures 4.1.3-7 and 4.1.3-8 show the same data for conduits: the distribution on number of
conduit intersections given at least one conduit intersects the footprint. Given a conduit
intersection, it is most likely that only one such intersection would occur, as expected from the
assessment that the most likely number of conduits in an event is one (as described in
Section 3.2.3). While vents are less likely than conduits in WH’s event descriptions, their
relative locations and sizes are otherwise described by the same models, so the conditional
frequency of vent intersection, as shown in Figures 4.1.3-9 and 4.1.3-10, follows that just
described for conduits.
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.3-5. Schematic Showing the Distribution of the Number of Dikes That Intersect the Repository

Footprint Given an Event at Each Grid Point, Given That at Least One Dike Intersection
Occurs (for events defined by William Hackett)
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Figure 4.1.3-6. Conditional Distribution of the Number of Dikes That Intersect the Repository Footprint,
Given That at Least One Dike Intersection Occurs (for events defined by William Hackett)
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.3-7. Schematic Showing the Distribution of the Number of Conduits That Intersect the

Repository Footprint Given an Event at Each Grid Point, Given That at Least One
Conduit Intersection Occurs (for events defined by William Hackett)
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Figure 4.1.3-8. Conditional Distribution of the Number of Conduits That Intersect the Repository
Footprint, Given That at Least One Conduit Intersection Occurs (for events defined by
William Hackett)
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NOTE:  Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.3-9. Schematic Showing the Distribution of the Number of Vents That Intersect the Repository
Footprint Given an Event at Each Grid Point, Given That at Least One Vent Intersection
Occurs (for events defined by William Hackett)
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Figure 4.1.3-10. Conditional Distribution of the Number of Vents That Intersect the Repository Footprint,
Given That at Least One Vent Intersection Occurs (for events defined by William
Hackett)

4.1.3.3 Results at Different Future Times

WH defined one set of models as applying to both the 10,000-year and 1-My assessments.
Those models include a time-volume model that leads to a time-dependent rate estimate. The
mean frequency of intersection for the 1-My assessment for WH’s models is 4.1e-8, slightly less
than for the 10,000-year assessment. No meaningful differences were identified in the CDF and
pmf graphs, nor in the contributions to uncertainty for the 1-My versus the 10,000-year
assessments.
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4.1.4 PVHA-U Results for Mel Kuntz

This section describes the results of the PVHA-U models specified by Mel Kuntz (MK). Those
models and assessments are described in Section 3.2.4 and the elicitation summary in
Appendix D.  Section 4.1.4.1 discusses the results of the 10,000-year assessment for the
frequency of intersection of any feature with the repository footprint. The frequency of
intersection of specific features with the repository footprint is discussed in Section 4.1.4.2, and
differences in the hazard calculated for the 10,000-year assessment and the 1-My assessment are
discussed in Section 4.1.4.3.

4.14.1 Hazard Results for the 10,000-Year Assessment

Figure 4.1.4-1 summarizes the spatial distribution of hazard calculated using MK’s PVHA-U
models for the 10,000-year assessment. The contours extend further to the SSW of the
repository footprint than to the NNE, reflecting both the greater rate density in the Crater Flat
area and the large spatial extent of the conditional probability of intersection. Events located in
the higher rate density Crater Flat zone have about a 0.001 or greater probability of intersection,
as shown in panel (b).

Figure 4.1.4-2 illustrates the uncertainty in the frequency of intersection of any feature with the
repository footprint. The mean frequency of intersection is marked on both graphs by a dashed
vertical line, and the median, 5th, and 95th percentiles are shown on the pmf. The mean
frequency of intersection of any feature with the repository footprint is 1.8e-8; the median
frequency is 1.4e-8. The 5th and 95th percentiles are 4.8e-9 and 3.6e-8, respectively.
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Figure 4.1.4-2. Hazard Results for the 10,000-Year Assessment from PVHA-U Models Specified by Mel
Kuntz

Contributions to Uncertainty

Contributions from various model components to uncertainty in the mean hazard in MK’s
models are illustrated in Figure 4.1.4-3. The largest impact on the uncertainty in the mean
hazard comes from the alternative temporal modeling approaches. The alternative temporal
modeling approaches also incorporate modeling assumptions about the spatial distribution. As
shown in the logic tree for MK’s 10,000-year assessment in Section 3.2.4, the locally
homogenous zones model is associated strictly with a homogenous Poisson rate model, with
different rates in the Crater Flat zone and the background zone (the region of interest outside of
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the Crater Flat zone). The geology-informed spatial smoothing model is associated with both a
homogenous Poisson rate model (weighted 60%) and with a time-volume rate model. When
only the homogenous Poisson model is used, the mean hazard is 1.4e-8, and when only the time-
volume model is used (and thus only the geology-informed spatial smoothing approach), the
mean hazard is 4.26e-8. These values represent the two ends of the “Temporal model” bar at the
top of the figure. Because of the high probability assigned to the locally homogenous zone
model, the uncertainty in the Poisson rate in the background zone also has a large impact on the
mean hazard (as shown by the second bar in the figure). The mean hazard is somewhat sensitive
to every model component, which is consistent with the high degree of interdependency within
this model.

Temporal modeling approacﬁ
Poisson rate in background
Volume perevent

patial model
Num events QCF.

Poisson rate in zone'

Model of CV over time:

Rate of change of cV

Num events Sleeping Buttes:
Rate transijtion distanceJ
Num|events SECI5
Uncertainty in spatial density—
Geology data used

0.0E+00 1.0E-08 2.0E-08 3.0E-08 4.0E-08 5.0E-08

Mean Frequency of Intersection

NOTE: Labels on each bar correspond to the nodes in the logic tree for MK’s models as described in Section 3.2.
The length of each bar shows the range of the mean hazard values that result from fixing the value of the
specified model component at one of its branch values. This range represents the degree to which the
mean hazard is affected by uncertainty in the specified model component. QCF = Quaternary Crater Flat;
CV = cumulative volume; SECF = Southeast Crater Flat.

Figure 4.1.4-3. Contribution of Uncertainty in Model Components to Uncertainty in the Mean Hazard, for
the PVHA-U Models for the 10,000-Year Assessment Specified by Mel Kuntz

Contributions of various model components to overall uncertainty in the hazard for MK’s model
are shown in Figure 4.1.4-4. On average, the uncertainty about the temporal modeling approach
has the largest impact on the overall uncertainty in the hazard, shown by the location of the
diamond on the far right side of the figure. Setting the temporal modeling approach to be the
homogenous Poisson model reduces the relative CoV by a little over 50% while setting the
temporal modeling approach to be the time-volume model has almost no effect on the relative
CoV, as shown by the ends of the “error bars” associated with the “Temporal modeling
approach” on the right side of the figure. Although the “average” impact of uncertainty in the
Poisson rate in the background zone is very small (far left of the figure), note that the impact of a
specific rate (the high or the low value), if selected to represent that rate, might result in a greater
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change to the relative CoV, leading to either a large increase or a large decrease in the CoV. The
large potential impact of this model component is partly a result of the fact that a 9-point
approximation was used to represent this rate, which results in the inclusion of branches
explicitly capturing the tails of the rate distribution, albeit with very low probabilities. The end-
points on sensitivity figures such as these do not reflect or indicate that they could represent very
low probability models.
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NOTE: Graph shows the CoV for the hazard distribution calculated with the specified model component fixed at
each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest
and lowest relative CoVs calculated across the branches for that model component. QCF = Quaternary
Crater Flat; CV = cumulative volume; SECF = Southeast Crater Flat.

Figure 4.1.4-4. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for the PHVA-U Models for the 10,000-Year Assessment Specified by Mel
Kuntz

4.1.4.2 Discussion of Individual Features

As described in Section 3.2.4, MK’s events all include dikes, and might also include column-
producing conduits, non-column producing vents, and sills. The conditional probability of
intersection of each type of feature with the repository footprint was illustrated in Section 3.2.4,
and, as discussed, the shape of the conditional probability of intersection maps for each
individual feature is the same as for the conditional probability of intersection for any feature: no
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particular clustering or grouping of individual features in an event occurs. Similarly, the full
distribution of the frequency of intersection for any individual feature follows the same pattern as
the distribution for any feature shown in Figure 4.1.4-2, simply shifted to the lower frequencies
associated with the individual feature.

Table 4.1.4-1 shows the mean and median frequencies of intersection for each feature.

Table 4.1.4-1. Mean and Median Frequency of Intersection of Various Igneous Features with the
Repository Footprint, for Mel Kuntz’s 10,000-Year Assessment

Median Frequency of
Feature Mean Frequency of Intersection Intersection
Any feature 1.8e-8 1.4e-8
Dikes 1.8e-8 1.4e-8
Column-producing conduits 4.3e-9 3.4e-9
Vents 1.2e-9 9.3e-10
Sills 2.7e-10 2.1e-11

Potential for Multiple Intersections

Figure 4.1.4-5 shows a set of plots illustrating the distribution of the number of dike intersections
for an event centered at a specific point, conditional on at least one such intersection occurring.
Because MK’s events have the potential to be quite large (as shown by the conditional
probability of intersection maps in Section 3.2.4 and in panel (b) of Figure 4.1.4-1), and the
ability to read the plots on Figure 4.1.4-5 is limited by the page size, this figure was produced
only for event locations with probabilities of dike intersection greater than 5% (similar graphs for
other experts include any event location with a non-zero probability of dike intersection or, in
some cases, event locations with a conditional probability of intersection greater than 1%). The
most likely number of intersections across the region as shown in the figure is one, but multiple
dike intersections are possible depending on the event location (e.g., event locations inside the
repository footprint). Figure 4.1.4-6 combines the relative likelihood of a dike intersection at
each point with the conditional distribution of the number of dike intersections for events at
those points to yield a conditional distribution on the number of dike intersections, given that at
least one such intersection occurs. As shown, assuming a dike intersection occurs, it is most
likely (probability 0.83) that only one dike intersects, but the potential exists for as many as 6
intersections. Four intersections have a probability of 0.002; five intersections have a probability
of about 0.00004.

Figures 4.1.4-7 and 4.1.4-8 show the same data for conduits: the distribution on the number of
conduit intersections given at least one conduit intersects the footprint. Given a conduit
intersection, it is most likely that only one such intersection would occur, but there is potential
for as many as six conduit intersections (the probability of six intersections is 0.0004). The
frequency of non-column producing vents is a function of the total dike length and the total
number of features venting to the surface (conduits and vents). While the overall frequency of
intersection for vents is less than for a column-producing conduit, the total possible number of
intersecting vents is greater. Figures 4.1.4-9 and 4.1.4-10 show the conditional number of vent
intersections.
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Plots show the
number of intersections conditional on at least one.

Figure 4.1.4-5. Schematic Showing the Distribution of the Number of Dikes That Intersect the Repository

Footprint Given an Event at Each Grid Point, Given at Least a 95% Chance That One or
More Dike Intersections Occur (based on events defined by Mel Kuntz)
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Figure 4.1.4-6. Conditional Distribution of the Number of Dikes That Intersect the Repository Footprint,
Given That at Least One Dike Intersection Occurs (based on events defined by Mel

Kuntz)
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.4-7. Schematic Showing the Distribution of the Number of Conduits that Intersect the

Repository Footprint Given an Event at Each Grid Point, Given That at Least a 99%
Chance of a Conduit Intersection Occurring (based on events defined by Mel Kuntz)
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Figure 4.1.4-8. Conditional Distribution of the Number of Conduits That Intersect the Repository
Footprint, Given That at Least One Conduit Intersection Occurs (based on events defined
by Mel Kuntz)
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.4-9. Schematic Showing the Distribution of the Number of Vents That Intersect the Repository

Footprint Given an Event at Each Grid Point, Given That at Least a 99% Chance That a
Vent Intersection Occurs (based on events defined by Mel Kuntz)
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Figure 4.1.4-10. Conditional Distribution of the Number of Vents That Intersect the Repository Footprint,
Given That at Least One Vent Intersection Occurs (based on events defined by Mel
Kuntz)

4.1.4.3 Results at Different Future Times

The primary difference in MK’s 10,000-year and 1-My assessments is the addition of models
that include consideration of older events (alternative time periods of interest) in the 1-My
assessment. This results in a slight shift of the entire hazard curve to higher frequencies, as
shown in Figure 4.1.4-11.

A sensitivity analysis similar to that described above was conducted using the models for MK’s
1-My assessment. The relative impact of each of the model components on the mean hazard for
the 1-My assessment is the same as for the 10,000-year assessment, but several model
components that are unique to the 1-My assessment are added. See, for example, the dark blue
bar in Figure 4.1.4-12 labeled “Time period of interest.” This represents the uncertainty about
the relevant time period (post-4 Ma or post-11 Ma) introduced in the 1-My assessment. Similar
differences are seen in the contribution to overall uncertainty: the time period of interest is an
important contributor to overall uncertainty for the 1-My assessment, but the temporal modeling
approach, the spatial modeling approach, and several factors related to the rate estimate remain
the largest contributors to uncertainty.
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Figure 4.1.4-11. Hazard Results for the 1-My Assessment from PVHA-U Models Specified by Mel Kuntz
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Figure 4.1.4-12. Contribution of Uncertainty in Model Components to Uncertainty in the Mean Hazard,

for the PVHA-U Models for the 1-My Assessment Specified by Mel Kuntz

TDR-MGR-PO-000001 REV 01

4-62

September 2008



Probabilistic Volcanic Hazard Analysis Update (PVHA-U) for Yucca Mountain, Nevada

4.1.5 PVHA-U Results for Alexander McBirney

This section describes the results of the PVHA-U models specified by Alexander McBirney
(AM). Those models and assessments are described in Section 3.2.5 and the elicitation summary
in Appendix D. Section 4.1.5.1 discusses the results of the 10,000-year assessment for the
frequency of intersection of any feature with the repository footprint. The frequency of
intersection of specific features with the repository footprint is discussed in Section 4.1.5.2, and
differences in the hazard calculated for the 10,000-year assessment and the 1-My assessment are
discussed in Section 4.1.5.3.

4.1.5.1 Hazard Results for the 10,000-Year Assessment

Figure 4.1.5-1 summarizes the spatial distribution of hazard calculated using AM’s PVHA-U
models for the 10,000-year assessment. The lower-probability contours in this plot show the
effect of the overlap of the conditional probability of intersection map with the mean rate density
map: the extension of these contours to the SSW of the repository footprint shows the effect of
the higher rate density of events within the Crater Flat zone. As events are more likely to occur
in that zone, the mean frequency of intersection for events in that zone is greater than for events
in the lower-rate density background zone to the east of the repository footprint.

Figure 4.1.5-2 illustrates the uncertainty in the frequency of intersection of any feature with the
repository footprint. The mean frequency of intersection is marked on both graphs by a dashed
vertical line, and the median, 5th, and 95th percentiles are shown on the pmf. The mean
frequency of intersection of any feature with the repository footprint is 2.0e-9; the median
frequency is 1.3e-9. The 5th and 95th percentiles are 2.6e-10 and 6e-9, respectively.
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(c) Spatial distribution of the mean frequency
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mean annual probability of an intersection
of the repository footprint by an igneous
feature.

Figure 4.1.5-1. Components of the Hazard Calculation for PVHA-U Models Specified by Alexander McBirney, for the 10,000-Year Assessment
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Figure 4.1.5-2. Hazard Results for the 10,000-Year Assessment from PVHA-U Models Specified by
Alexander McBirney

Contributions to Uncertainty

Contributions from various model components to uncertainty in the mean hazard in AM’s
models are illustrated in Figure 4.1.5-3. Although Figure 4.1.5-1 does show the effect of the
greater rate in the Crater Flat zone, and indicates that events located in that zone have the
potential to intersect the repository footprint, the mean hazard estimate is most sensitive to
uncertainty in the rate in the background zone, as shown by the top bar in the figure (labeled
“Poisson rate in background”). The mean hazard is also sensitive to the time period of interest
used to calculate that rate (the Quaternary or the Plio-Quaternary). All other uncertainties in the
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model relate to the estimated rate density within the Crater Flat zone, and their contributions to

uncertainty in the mean hazard are small.
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NOTE: Labels on each bar correspond to the nodes in the logic tree for AM’s models as described in Section 3.2.
The length of each bar shows the range of the mean hazard values that result from fixing the value of the
specified model component at one of its branch values. This range represents the degree to which the
mean hazard is affected by uncertainty in the specified model component. CV = cumulative volume;

CF = Crater Flat.

Figure 4.1.5-3. Contribution of Uncertainty in Model Components to Uncertainty in the Mean Hazard, for
the PVHA-U Models for the 10,000-Year Assessment Specified by Alexander McBirney

Contribution of various model components to overall uncertainty in the hazard for AM’s model
is shown in Figure 4.1.5-4. The impacts of individual uncertainties in the models on the overall

uncertainty are very similar to their impacts on uncertainty in the mean hazard.
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Figure 4.1.5-4. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for the PVHA-U Model for the 10,000-Year Assessment Specified by Alexander
McBirney

4.1.5.2 Discussion of Individual Features

As described in Section 3.2.5, AM’s events all include dikes, at least one conduit or vent, and
might also include sills. The conditional probability of intersection of each type of feature with
the repository footprint was illustrated in Section 3.2.5, and, as discussed, the shape of the
conditional probability of intersection maps for each individual feature is the same as for the
conditional probability of intersection for any feature: no particular clustering or grouping of
individual features in an event occurs. Similarly, the full distribution of the frequency of
intersection for any individual feature follows the same pattern as the distribution for any feature
shown in Figure 4.1.5-2, simply shifted to the lower frequencies associated with the individual
feature.

Table 4.1.5-1 shows the mean and median frequencies of intersection for each feature.
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Table 4.1.5-1.Mean and Median Frequency of Intersection of Various Igneous Features with the
Repository Footprint, for Alexander McBirney’s 10,000-Year Assessment

Median Frequency of
Feature Mean Frequency of Intersection Intersection
Any feature 2.0e-9 1.3e-9
Dikes 2.0e-9 1.3e-9
Column-producing conduits 1.3e-9 7.4e-10
Vents 3.3e-10 1.9e-10
Sills 6.7e-12 5.0e-12

Potential for Multiple Intersections

Figure 4.1.5-5 shows a set of plots illustrating the distribution of the number of dike intersections
for an event centered at a specific point, conditional on at least one such intersection occurring.
The most likely number of intersections across the region as shown in the figure is one, but
multiple dike intersections are possible depending on the event location (e.g., event locations
inside the repository footprint). Figure 4.1.5-6 combines the relative likelihood of a dike
intersection at each point with the conditional distribution of the number of dike intersections for
an event at those points to yield a conditional distribution on the number of dike intersections,
given that at least one such intersection occurs. As shown, assuming a dike intersection occurs,
it is most likely (probability 0.7) that only one dike intersects, but the potential exists for as many
as 10 intersections (with a probability of about 0.0004). The probability of four or more dike
intersections, given at least one intersection, is less than 0.05.

Figures 4.1.5-7 and 4.1.5-8 show the same data for conduits: the distribution on number of
conduit intersections given at least one conduit intersects the footprint. Given a conduit
intersection, it is most likely that only one such intersection would occur, but there is potential
for as many as 10 conduit intersections (with a probability of about 0.0006). While vents are less
likely than conduits in AM’s event descriptions, their relative location and size are otherwise
described by the same models, so the conditional frequency of vent intersection, as shown in
Figures 4.1.5-9 and 4.1.5-10, follows that just described for conduits.
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.5-5. Schematic Showing the Distribution of the Number of Dikes That Intersect the Repository

Footprint Given an Event at Each Grid Point, Given That at Least One Dike Intersection
Occurs (based on the event descriptions of Alexander McBirney)
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Figure 4.1.5-6. Conditional Distribution of the Number of Dikes That Intersect the Repository Footprint,
Given That at Least One Dike Intersection Occurs (based on the event descriptions of

Alexander McBirney)
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.5-7. Schematic Showing the Distribution of the Number of Conduits That Intersect the

Repository Footprint Given an Event at Each Grid Point, Given That at Least One
Conduit Intersection Occurs (based on the event descriptions of Alexander McBirney)
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Figure 4.1.5-8. Conditional Distribution of the Number of Conduits That Intersect the Repository
Footprint, Given That at Least One Conduit Intersection Occurs (based on the event
descriptions of Alexander McBirney)
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.5-9. Schematic Showing the Distribution of the Number of Vents That Intersect the Repository

Footprint Given an Event at Each Grid Point, Given That at Least One Vent Intersection
Occurs (based on the event descriptions of Alexander McBirney)
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Figure 4.1.5-10. Conditional Distribution of the Number of Vents That Intersect the Repository Footprint,
Given That at Least One Vent Intersection Occurs (based on the event descriptions of
Alexander McBirney)

4.1.5.3 Results at Different Future Times

AM defined one set of models as applying to both the 10,000-year and 1-My assessments. Those
models include a time-volume model that leads to a time-dependent rate estimate for the rate
within the Crater Flat zone, but as discussed previously, the change in rate over a million years is
small, and the frequency of intersection is most strongly a function of the rate in the background
zone, which is not modeled with the time-volume rate model. The mean frequency of
intersection for the 1-My assessment for AM’s models is 2.0e-9, the same as for his 10,000-year
assessment. There are no meaningful differences in the CDF and pmf graphs, nor in the
contributions to uncertainty for the 1-My versus the 10,000-year assessments.
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4.1.6 PVHA-U Results for Michael Sheridan

This section describes the results of the PVHA-U models specified by Michael Sheridan (MS).
Those models and assessments are described in Section 3.2.6 and the elicitation summary in
Appendix D. Section 4.1.6.1 discusses the results of the 10,000-year assessment for the
frequency of intersection of any feature with the repository footprint. The frequency of
intersection of specific features with the repository footprint is discussed in Section 4.1.6.2, and
differences in the hazard calculated for the 10,000-year assessment and the 1-My assessment are
discussed in Section 4.1.6.3.

4.1.6.1 Hazard Results for the 10,000-Year Assessment

Figure 4.1.6-1 summarizes the spatial distribution of hazard calculated using MS’s PVHA-U
models for the 10,000-year assessment. The contours in this plot show clearly the effect of the
overlap of the conditional probability of intersection map with the mean rate density map: the
extension of these contours to the SSW of the repository footprint show the effect of the greater
rate density of events within the Crater Flat field. As events are more likely to occur SSW of the
repository, the mean frequency of intersection for events located in that region is greater.

Figure 4.1.6-2 illustrates the uncertainty in the frequency of intersection of any feature with the
repository footprint. The mean frequency of intersection is marked on both graphs by a dashed
vertical line, and the median, 5th, and 95th percentiles are shown on the pmf. The mean
frequency of intersection of any feature with the repository footprint is 3.4e-9; the median
frequency is 1.4e-9. The 5th and 95th percentiles are 5.7e-10 and 1.5e-8, respectively.
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Figure 4.1.6-1. Components of the Hazard Calculation for PVYHA-U Models Specified by Michael Sheridan, for the 10,000-Year Assessment
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shown by the dashed vertical line, the median with the open box, and the 5th to 95th percentiles with the
horizontal line.

Figure 4.1.6-2. Hazard Results for the 10,000-Year Assessment from PVHA-U Models Specified by
Michael Sheridan

Contributions to Uncertainty

Contributions from various model components to uncertainty in the mean hazard in MS’s models
are illustrated in Figure 4.1.6-3. As described in Section 3.2.6, MS specified two alternative
temporal models for the rate in the CF field: a homogenous Poisson model and a temporal
clustering model. The uncertainty about the appropriate temporal model for the Crater Flat (CF)
volcanic field has the most significant effect on the mean hazard for MS’s 10,000-year
assessment, as shown by the top bar in the figure. The temporal clustering model produces a
higher mean hazard estimate (8.2e-9) than the homogenous Poisson model (1.5¢-9), as indicated
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by the two ends of the “Temporal model for CF field” bar. Uncertainties specific to the temporal
clustering model (whether the current time period is within a cluster or between clusters, and the
Poisson arrival rate for clusters) are also important contributors to uncertainty in the mean
hazard. The second largest contributor to uncertainty in the mean, however, is uncertainty in the
fit of the bivariate Gaussian field shape model to the events specified by MS.

Poisson rate for cluster model

Temporal modei for CF fielcj
Uncertainty in spatial density
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Spatial modei

Num events QCI£
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Labels on each bar correspond to the nodes in the logic tree for MS’s models as described in Section 3.2.
The length of each bar shows the range of the mean hazard values that result from fixing the value of the
specified model component at one of its branch values. This range represents the degree to which the
mean hazard is affected by uncertainty in the specified model component. CF = Crater Flat;

QCF = Quaternary Crater Flat; SECF = Southeastern Crater Flat

Figure 4.1.6-3. Contribution of Uncertainty in Model Components to Uncertainty in the Mean Hazard, for
the PVHA-U Models for the 10,000-Year Assessment Specified by Michael Sheridan

Contribution of various model components to overall uncertainty in the hazard for MS’s model
is shown in Figure 4.1.6-4. The impacts of individual uncertainties in the models on the overall
uncertainty are very similar to their impacts on uncertainty in the mean hazard, with uncertainties
related to the temporal models, and the temporal clustering model in particular, being the largest
contributors to overall uncertainty.
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each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest
and lowest relative CoVs calculated across the branches for that model component. CF = Crater Flat;
QCF = Quaternary Crater Flat; SECF = Southeastern Crater Flat

Figure 4.1.6-4. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for the PVHA-U Models for the 10,000-Year Assessment Specified by Michael
Sheridan

4.1.6.2 Discussion of Individual Features

As described in Section 3.2.6, MS’s events all include at least one conduit or vent, almost all
include at least one dike, and any event might also include a sill. The conditional probability of
intersection of each type of feature with the repository footprint was illustrated in Section 3.2.6.
As discussed, the shape of the conditional probability of intersection maps for each individual
feature is the same as for the conditional probability of intersection for any feature: no consistent
clustering or grouping of individual features in an event occurs. Similarly, the full distribution of
the frequency of intersection for any individual feature follows the same pattern as the
distribution for any feature shown in Figure 4.1.6-2, simply shifted to the lower frequencies
associated with the individual feature.

Table 4.1.6-1 shows the mean and median frequencies of intersection for each feature.
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Table 4.1.6-1.Mean and Median Frequency of Intersection of Various Igneous Features with the
Repository Footprint, for Michael Sheridan’s 10,000-Year Assessment

Median Frequency of
Feature Mean Frequency of Intersection Intersection
Any feature 3.4e-9 1.4e-9
Dikes 3.4e-9 1.4e-9
Column-producing conduits 8.8e-10 3.9e-10
Vents 3.9e-10 1.8e-10
Sills 9.1e-11 4.1e-11

Potential for Multiple Intersections

Figure 4.1.6-5 shows a set of plots illustrating the distribution of the number of dike intersections
for an event centered at a specific point, conditional on there being at least a 1% chance of an
intersection occurring. The most likely number of intersections across the region as shown in the
figure is one, but multiple dike intersections are possible depending on the event location (e.g.,
event locations inside the repository footprint). Figure 4.1.6-6 combines the relative likelihood
of a dike intersection at each point with the conditional distribution of the number of dike
intersections for an event at those points to yield a conditional distribution on the number of dike
intersections, given that at least one such intersection occurs. As shown, assuming a dike
intersection occurs, it is most likely (probability 0.88) that only one dike intersects, but the
potential exists for as many as 6 dikes to intersect the repository footprint. The conditional
probability of 3 or more dikes intersecting the footprint is less than 0.02.

Figures 4.1.6-7 and 4.1.6-8 show the same data for conduits: the distribution on number of
conduit intersections given that at least one conduit intersects the footprint. Given a conduit
intersection, it is most likely that only one such intersection would occur, but the potential exists
for as many as three conduit intersections. Figures 4.1.6-9 and 4.1.6-10 show the same data for
vents.
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NOTE: Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.6-5. Schematic Showing the Distribution of the Number of Dikes That Intersect the Repository
Footprint Given an Event at Each Grid Point, Given at Least a 99% Chance that a Dike
Intersection Occurs (based on the event descriptions of Michael Sheridan)
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Figure 4.1.6-6. Conditional Distribution of the Number of Dikes That Intersect the Repository Footprint,
Given That at Least One Dike Intersection Occurs (based on the event descriptions of
Michael Sheridan)
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NOTE:  Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.6-7. Schematic Showing the Distribution of the Number of Conduits That Intersect the
Repository Footprint Given an Event at Each Grid Point, Given at Least a 99% Chance of
a Conduit Intersection Occurs (based on the event descriptions of Michael Sheridan)
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Figure 4.1.6-8. Conditional Distribution of the Number of Conduits That Intersect the Repository
Footprint, Given That at Least One Conduit Intersection Occurs (based on the event
descriptions of Michael Sheridan)
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Figure 4.1.6-9. Schematic Showing the Distribution of the Number of Vents That Intersect the Repository
Footprint Given an Event at Each Grid Point, Given That at Least a 99% Chance that a
Vent Intersection Occurs (based on the event descriptions of Michael Sheridan)
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Figure 4.1.6-10. Conditional Distribution of the Number of Vents That Intersect the Repository Footprint,
Given That at Least One Vent Intersection Occurs (based on the event descriptions of
Michael Sheridan)

4.1.6.3 Results at Different Future Times

Although MS defined one set of models as applying to both the 10,000-year and 1-My
assessments, the inclusion of the temporal clustering model leads to noticeable differences in the
hazard as a function of time. As described in Section 3.1.6 and his elicitation summary in
Appendix D, MS includes a temporal clustering model with clusters of an uncertain duration, and
allows for the possibility that the “cluster” that began at Lathrop Wells is still active. The
frequency of intersection under this conceptual model differs over time based on whether that
time is “in a cluster” or “between clusters.” A key factor in the hazard estimate over time is
whether it is possible that the Lathrop Wells “cluster” is still active; the maximum duration of a
cluster is defined as 300,000 years, so the hazard is strongly dependent on the time at which it is
evaluated through about 220,000 years from the present. Beyond that time, the distribution on
the frequency of intersection does not change. Figure 4.1.6-11 shows the hazard distribution
(pmf) for evaluations at the present day (the 10,000-year assessment result), at 100,000 years in
the future, and at 1 My in the future.

The most obvious change over time is the decrease and ultimately the elimination of the third
“mode” in the pmf at about le-8. This portion of the rate distribution for the 10,000-year
assessment was associated with the temporal clustering model: specifically with the probability
that the Lathrop Wells cluster is still active at the time being evaluated. Based on MS’s assessed
cluster duration, there is zero probability at 1 My that the Lathrop Wells cluster is still active
(note that this does not imply that there is zero probability of being in a cluster, just a zero
probability of being in the Lathrop Wells cluster).
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Figure 4.1.6-12 shows the sensitivity of the mean hazard evaluated at 1 My to the various model
components. This sensitivity chart also shows the dramatic change that results from being
beyond the time horizon where the Lathrop Well cluster can contribute to rate. Several bars are
highlighted in blue to point out how the influence of those model components changes over time.
For example, the temporal model for the Crater Flat field (the use of the homogenous Poisson
versus the temporal clustering model) becomes dramatically less important to uncertainty in the
mean hazard. This results from the similarity in the long-term mean rates of the two models
(although as shown below the impact on overall uncertainty of the temporal model is still
strong). Whether the current time is between or within clusters is, not surprisingly, the most
important contributor to uncertainty in the mean hazard, and the relative impact of uncertainty in
the field rate itself increased as the effect of the temporal model decreases.

Finally, Figure 4.1.6-13 shows the sensitivity of overall uncertainty to the various model
components. As mentioned, the temporal model has a dramatic effect on the uncertainty in the
hazard estimate: it is still the largest average contributor to overall uncertainty, and selection of
one particular model (the temporal clustering model) would greatly increase the relative
uncertainty in the hazard estimate.
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NOTE: The mean is shown by the dashed vertical line, the median with the open box, and the 5th to 95th
percentiles with the horizontal line.

Figure 4.1.6-11. Hazard Results from PVHA-U Models Specified by Michael Sheridan Evaluated at
Three Different Future Times
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NOTE: Labels on each bar correspond to the nodes in the logic tree for MS’s models as described in Section 3.2.
The length of each bar shows the range of the mean hazard values that result from fixing the value of the
specified model component at one of its branch values. This range represents the degree to which the
mean hazard is affected by uncertainty in the specified model component. CF = Crater Flat;

QCF = Quaternary Crater Flat; SECF = Southeastern Crater Flat

Figure 4.1.6-12. Contribution of Uncertainty in Model Components to Uncertainty in the Mean Hazard,
for the PVHA-U Models Specified by Michael Sheridan, Evaluated at a Future Time of
1 My
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NOTE: Graph shows the CoV for the hazard distribution calculated with the specified model component fixed at
each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest
and lowest relative CoVs calculated across the branches for that model component. CF = Crater Flat;
QCF = Quaternary Crater Flat; SECF = Southeastern Crater Flat

Figure 4.1.6-13. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for the PVHA-U Models Specified by Michael Sheridan, Evaluated at a Future
Time of 1 My
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4.1.7 PVHA-U Results for Frank Spera

This section describes the results of the PVHA-U models specified by Frank Spera (FS). Those
models and assessments are described in Section 3.2.7 and the elicitation summary in Appendix
D. Section 4.1.7.1 discusses the results of the 10,000-year assessment for the frequency of
intersection of any feature with the repository footprint. The frequency of intersection of
specific features with the repository footprint is discussed in Section 4.1.7.2, and differences in
the hazard calculated for the 10,000-year assessment and the 1-My assessment are discussed in
Section 4.1.7.3.

4.1.7.1 Hazard Results for the 10,000-Year Assessment

Figure 4.1.7-1 summarizes the spatial distribution of hazard calculated using FS’s PVHA-U
models for the 10,000-year assessment. The spatial distribution of the mean frequency of
intersection map in panel (c) looks very similar in shape to the conditional probability of
intersection map in panel (b), with a slight extension of the contours to the SSW of the repository
footprint showing the effect of the greater rate density area in that portion of the YMR.

Figure 4.1.7-2 illustrates the uncertainty in the frequency of intersection of any feature with the
repository footprint. The mean frequency of intersection is marked on both graphs by a dashed
vertical line, and the median, 5th, and 95th percentiles are shown on the pmf. The mean
frequency of intersection of any feature with the repository footprint is 1.5 e-8; the median
frequency is 6.0e-9. The 5th and 95th percentiles are 5.7e-10 and 4.1e-8, respectively.
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Figure 4.1.7-1.

Components of the Hazard Calculation for PVHA-U Models Specified by Frank Spera, for the 10,000-Year Assessment
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shown by the dashed vertical line, the median with the open box, and the 5th to 95th percentiles with the
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Figure 4.1.7-2. Hazard Results for the 10,000-Year Assessment from PVHA-U Models Specified by
Frank Spera

Contributions to Uncertainty

Contributions from various model components to uncertainty in the mean hazard in FS’s models
are illustrated in Figure 4.1.7-3. The most significant contributor to uncertainty in the mean
hazard is the volume per event, which is a key component of the rate calculation for the time-
volume rate model FS used in his models. The width of this bar combines the effect of the
alternative models used to estimate the volume per event and the uncertainty in the volume per
event: because the uncertainty in the volume per event is represented by a single node in the
logic tree (as shown in Section 3.2.7), setting that node to one of its branch values for sensitivity
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analysis effectively sets it to the high value under both conceptual models of how volume per
event should be estimated. Other model components are minor contributors to uncertainty in the
mean hazard compared to the volume per event estimate.

Volume per event

Num events Anomalies|C&D

0.0E+00 5.0E-08 1.0E-07 1.5E-07 2.0E-07
Mean Frequency of Intersection

NOTE: Labels on each bar correspond to the nodes in the logic tree for FS’s models as described in Section 3.2.
The length of each bar shows the range of the mean hazard values that result from fixing the value of the
specified model component at one of its branch values. This range represents the degree to which the
mean hazard is affected by uncertainty in the specified model component. CV = cumulative volume;
QCF = Quaternary Crater Flat.

Figure 4.1.7-3. Contribution of Uncertainty in Model Components to Uncertainty in the Mean Hazard, for
the PVHA-U Models for the 10,000-Year Assessment Specified by Frank Spera

Contribution of various model components to overall uncertainty in the hazard for FS’s model is
shown in Figure 4.1.7-4. This figure shows more clearly the impact of the alternative volume
per event models: if the volume per event model based on the volume of the Quaternary events
only is used, the CoV for the hazard distribution would be much less than the CoV for the full
distribution, as shown by the bottom of the “error bar” associated with the “Volume per event
model” in the figure. If the volume per event is estimated directly from FS’s assessment
associated with his event model, the CoV increases slightly (the top of the “error bar” associated
with the “Volume per event model” in the figure).
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NOTES: Graph shows the CoV for the hazard distribution calculated with the specified model component fixed at
each of its branch values, divided by the CoV for the full hazard distribution. Diamond shows the mean
value with the relative CoV for each branch value weighted by its probability; “error bars” show the highest
and lowest relative CoVs calculated across the branches for that model component. CV = cumulative
volume; QCF = Quaternary Crater Flat.

Figure 4.1.7-4. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for the PVHA-U Models for the 10,000-Year Assessment Specified by Frank
Spera

4.1.7.2 Discussion of Individual Features

As described in Section 3.2.7, FS’s events all include dikes, at least one conduit or vent, and
might also include sills. The conditional probability of intersection of each type of feature with
the repository footprint was illustrated in Section 3.2.7, and, as discussed, the shape of the
conditional probability of intersection maps for each individual feature is the same as for the
conditional probability of intersection for any feature: no consistent clustering or grouping of
individual features in an event occurs. Similarly, the full distribution of the frequency of
intersection for any individual feature follows the same pattern as the distribution for any feature
shown in Figure 4.1.7-2, simply shifted to the lower frequencies associated with the individual
feature.

Table 4.1.7-1 shows the mean and median frequencies of intersection for each feature.

TDR-MGR-PO-000001 REV 01 4-95 September 2008



Probabilistic Volcanic Hazard Analysis Update (PVHA-U) for Yucca Mountain, Nevada

Table 4.1.7-1. Mean and Median Frequency of Intersection of Various Igneous Features with the
Repository Footprint, for Frank Spera’s 10,000-Year Assessment

Median Frequency of
Feature Mean Frequency of Intersection Intersection
Any feature 1.5e-8 6.0e-9
Dikes 1.5e-8 6.0e-9
Column-producing conduits 6.1e-9 2.5e-9
Vents 1.6e-9 6.6e-10
Sills 5.3e-10 2.1e-10

Potential for Multiple Intersections

Figure 4.1.7-5 shows a set of plots illustrating the distribution of the number of dike intersections
for an event centered at a specific point, conditional on at least one such intersection occurring.
The most likely number of intersections across the region as shown in the figure is one, but
multiple dike intersections are possible depending on the event location. Figure 4.1.7-6
combines the relative likelihood of a dike intersection at each point with the conditional
distribution of the number of dike intersections for an event at those points to yield a conditional
distribution on the number of dike intersections, given that at least one such intersection occurs.
As shown, assuming a dike intersection occurs, it is most likely (probability 0.75) that only one
dike intersects, but the potential exists for as many as 8 dikes to intersect the footprint. The
probability of 4 or more dikes intersecting the repository footprint, given that at least one dike
intersects, is about 0.01.

Figures 4.1.7-7 and 4.1.7-8 show the same data for conduits: the distribution on number of
conduit intersections given that at least one conduit intersects the footprint. Given a conduit
intersection, it is most likely that only one such intersection would occur (probability 0.88), but
as many as 5 conduits intersecting the footprint is possible. While vents are less likely than
conduits in FS’s event descriptions, their relative location and size are otherwise described by the
same models, so the conditional frequency of vent intersection, as shown in Figures 4.1.7-9 and
4.1.7-10, follows that just described for conduits.
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.7-5. Schematic Showing the Distribution of the Number of Dikes That Intersect the Repository

Footprint Given an Event at Each Grid Point, Given That at Least One Dike Intersection
Occurs (based on the event descriptions of Frank Spera)
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Figure 4.1.7-6. Conditional Distribution of the Number of Dikes That Intersect the Repository Footprint,
Given That at Least One Dike Intersection Occurs (based on the event descriptions of
Frank Spera)
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.7-7. Schematic Showing the Distribution of the Number of Conduits That Intersect the

Repository Footprint Given an Event at Each Grid Point, Given That at Least One
Conduit Intersection Occurs (based on the event descriptions of Frank Spera)
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Figure 4.1.7-8. Conditional Distribution of the Number of Conduits That Intersect the Repository
Footprint, Given That at Least One Conduit Intersection Occurs (based on the event
descriptions of Frank Spera)
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.7-9. Schematic Showing the Distribution of the Number of Vents That Intersect the Repository

Footprint Given an Event at Each Grid Point, Given That at Least One Vent Intersection
Occurs (based on the event descriptions of Frank Spera)
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Figure 4.1.7-10. Conditional Distribution of the Number of Vents That Intersect the Repository Footprint,
Given That at Least One Vent Intersection Occurs (based on the event descriptions of
Frank Spera)

4.1.7.3 Results at Different Future Times

FS defined one set of models as applying to both the 10,000-year and 1-My assessments, but as
discussed in Section 3.2.7, the spatial model weights past events by the inverse of their estimated
age. To calculate a hazard at a future time of 1 My, for the 1-My assessment, it is assumed that
no new events occur between now and 1 My, the events in FS’s relevant event sets are “aged” by
1 My, and the models are re-fit to the time-adjusted data. Although this has a noticeable effect
on the mean rate density map, as discussed previously, it has little effect on the hazard estimate
itself. The mean hazard for the 1-My assessment is 1.6e-8 compared to 1.5e-8 for the
10,000-year assessment. There are no noticeable differences in the hazard curves or the
contributions to uncertainty plots between the 1-My results and the 10,000-year results.
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4.1.8 PVHA-U Results for George Thompson

This section describes the results of the PVHA-U models specified by George Thompson (GT).
Those models and assessments are described in Section 3.2.8 and the elicitation summary in
Appendix D. Section 4.1.8.1 discusses the results of the 10,000-year assessment for the
frequency of intersection of any feature with the repository footprint. The frequency of
intersection of specific features with the repository footprint is discussed in Section 4.1.8.2, and
differences in the hazard calculated for the 10,000-year assessment and the 1-My assessment are
discussed in Section 4.1.8.3.

4.1.8.1 Hazard Results for the 10,000-Year Assessment

Figure 4.1.8-1 summarizes the spatial distribution of hazard calculated using GT’s PVHA-U
models for the 10,000-year assessment. The contours in panel (c¢) show clearly the effect of the
overlap of the conditional probability of intersection map with the mean rate density map: the
extension of these contours to the SSW of the repository footprint show the effect of the greater
rate density of events within the Crater Flat zone. As events are more likely to occur in that
zone, the mean frequency of intersection for events in that zone is greater than for events in the
lower-rate density background zone to the east of the repository footprint.

Figure 4.1.8-2 illustrates the uncertainty in the frequency of intersection of any feature with the
repository footprint. The mean frequency of intersection is marked on both graphs by a dashed
vertical line, and the median, 5th, and 95th percentiles are shown on the pmf. The mean
frequency of intersection of any feature with the repository footprint is 2.0e-9; the median
frequency is 1.8e-9. The 5th and 95th percentiles are 6.5e-10 and 3.9¢-9, respectively.
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Figure 4.1.8-1.
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Figure 4.1.8-2. Hazard Results for the 10,000-Year Assessment from PVHA-U Models Specified by
George Thompson

Contributions to Uncertainty

Contributions from various model components to uncertainty in the mean hazard in GT’s models
are illustrated in Figure 4.1.8-3. Although Figure 4.1.8-1 shows the effect of the higher rate in
the Crater Flat zone, and indicates that events located in that zone have the potential to intersect
the repository footprint, the mean hazard estimate is most sensitive to uncertainty in the rate in
the background zone, as shown by the top bar (labeled “Poisson rate in background”) in
Figure 4.1.8-3. All other uncertainties in the model relate to the estimated rate density within the
Crater Flat zone, and their contributions to uncertainty in the mean hazard are small.
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NOTE: Labels on each bar correspond to the nodes in the logic tree for GT’s models as described in Section 3.2.
The length of each bar shows the range of the mean hazard values that result from fixing the value of the
specified model component at one of its branch values. This range represents the degree to which the
mean hazard is affected by uncertainty in the specified model component. QCF = Quaternary Crater Flat;
CV = cumulative volume; CF-AD = Crater Flat-Amargosa Desert.

Figure 4.1.8-3. Contribution of Uncertainty in Model Components to Uncertainty in the Mean Hazard, for
the PVHA-U Models for the 10,000-Year Assessment Specified by George Thompson

Contribution of various model components to overall uncertainty in the hazard for GT’s model is
shown in Figure 4.1.8-4. This result is similar to the contributions to uncertainty in the mean
hazard discussed above.
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Figure 4.1.8-4. Contribution of Uncertainty in Model Components to Overall Uncertainty in the Hazard
Estimate, for the PVHA-U Models for the 10,000-Year Assessment Specified by George
Thompson

4.1.8.2 Discussion of Individual Features

As described in Section 3.2.8, GT’s events include dikes and conduits, and no other features.
The conditional probability of intersection of each type of feature with the repository footprint
was illustrated in Section 3.2.8, and, as discussed, the shape of the conditional probability of
intersection maps for each individual feature is the same as for the conditional probability of
intersection for any feature: no consistent clustering or grouping of individual features in an
event occurs. Similarly, the full distribution of the frequency of intersection for any individual
feature follows the same pattern as the distribution for any feature shown in Figure 4.1.8-2,
simply shifted to the lower frequencies associated with the individual feature.

Table 4.1.8-1 shows the mean and median frequencies of intersection for each feature.
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Table 4.1.8-1.Mean and Median Frequency of Intersection of Various Igneous Features with the
Repository Footprint, for George Thompson’s 10,000-Year Assessment

Median Frequency of
Feature Mean Frequency of Intersection Intersection
Any feature 2.0e-9 1.8e-9
Dikes 2.0e-9 1.8e-9
Column-producing conduits 8.9e-10 7.9e-10
Vents NA NA
Sills NA NA

Potential for Multiple Intersections

Figure 4.1.8-5 shows a set of plots illustrating the distribution of the number of dike intersections
for an event centered at a specific point, conditional on there being at least a 1% chance of an
intersection occurring. The most likely number of intersections across the region as shown in the
figure is one, but multiple dike intersections are possible depending on the event location.
Figure 4.1.8-6 combines the relative likelihood of a dike intersection at each point with the
conditional distribution of the number of dike intersections for an event at those points to yield a
conditional distribution on the number of dike intersections, given that at least one such
intersection occurs. As shown, assuming that a dike intersection occurs, it is most likely
(probability 0.7) that only one dike intersects, but the potential exists for as many as 20 dikes to
intersect the footprint. The probability of 4 or more dikes intersecting the repository footprint,
given that at least one dike intersects, is about 0.03.

Figures 4.1.8-7 and 4.1.8-8 show the same data for conduits: the distribution on number of
conduit intersections given that at least one conduit intersects the footprint. Given a conduit
intersection, it is most likely that only one such intersection would occur (probability 0.87), but
as many as 8 conduits intersecting the footprint are possible. The probability of 3 or more
conduits intersecting the footprint, given that at least one conduit intersects, is about 0.02.
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Row and column labels represent grid points (UTM coordinates in km, NAD83) in the vicinity of the
repository. Green plots show points inside or partially inside the repository footprint. Blank plots (e.g., in
the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections conditional on at least one.

Figure 4.1.8-5. Schematic Showing the Distribution of the Number of Dikes That Intersect the Repository

Footprint Given an Event at Each Grid Point, Given at Least a 99% Chance That a Dike
Intersection Occurs (based on the event descriptions of George Thompson)

TDR-MGR-PO-000001 REV 01 4-109 September 2008



Probabilistic Volcanic Hazard Analysis Update (PVHA-U) for Yucca Mountain, Nevada

0.6

Probability
0.4

0.2

—

- N O < 10 ©O M 0 O © AN MO ¢ IO © N~ 0 O O
™ Y Y Y Y ™ v v v v

0.0
I

Number of Intersecting Dikes Given at Least One

Figure 4.1.8-6. Conditional Distribution of the Number of Dikes That Intersect the Repository Footprint,
Given That at Least One Dike Intersection Occurs (based on the event descriptions of
George Thompson)
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the upper left corner) indicate that the probability of intersection for an event at that location is zero. All
other plots show the number of intersections given at least a 99% chance of at least one.

Figure 4.1.8-7. Schematic Showing the Distribution of the Number of Conduits That Intersect the
Repository Footprint Given an Event at Each Grid Point, Given at Least a 99% Chance
that a Conduit Intersection Occurs (based on the event descriptions of George
Thompson)
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Figure 4.1.8-8. Conditional Distribution of the Number of Conduits That Intersect the Repository
Footprint, Given That at Least One Conduit Intersection Occurs (based on the event
descriptions of George Thompson)

4.1.8.3 Results at Different Future Times

GT defined one set of models as applying to both the 10,000-year and 1-My assessments. Those
models include a time-volume model that leads to a time-dependent rate estimate for the rate
within the Crater Flat zone, but as discussed previously, the change in rate over a million years is
small, and the frequency of intersection is most strongly a function of the rate in the background
zone, which is not modeled with the time-volume rate model. The mean frequency of
intersection for both the 1-My assessment the 10,000-year assessment for GT’s models is 2.0e-9.
No meaningful differences were observed in the CDF and pmf graphs, nor in the contributions to
uncertainty for the 1-My versus the 10,000-year assessments.
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4.2 AGGREGATE RESULTS

This section presents the aggregate results of the PVHA-U analyses. Computing the aggregate
frequency of intersection requires weighting and combining each expert’s distributions. As
discussed previously in Section 2.5, one of the goals of the PVHA-U process was to enable equal
weighting of the experts’ assessments, and for reasons described in Section 2.5, equal weights
are appropriate for aggregating the assessments.

4.2.1 10,000-Year Assessment

Figure 4.2-1 shows the spatial distribution of the mean frequency of intersection for each of the
experts’ 10,000-year assessments. Each of these figures was presented and described in
Section 4.1; they are presented together here as a visual summary of the differences in the spatial
distribution of hazard. In all maps, the outer contour represents a mean frequency of intersection
of le-13. The inner contour differs, based on the models of each expert. The value and size of
this inner contour hints at the differences in the mean hazard estimate across experts: if the inner
contour represents a relatively high value (e.g. 1e-9) and encloses a relatively large area (such as
shown on the Connor and Crowe maps), the mean hazard would be higher than for other experts.
Similarly, if the value is low (e.g., 1e-11) and encloses a relatively small area (such as shown on
the Sheridan map), the mean hazard would tend to be lower than for other experts.

Figures 4.2-2 and 4.2-3 show the annual frequency of intersection distributions for each of the 8
PVHA-U experts and the aggregate distribution. Figure 4.2-2 shows the cumulative distribution
functions (CDFs) for each expert’s assessments, along with the aggregate CDF (the black line).
Figure 4.2-3 shows the probability mass function (the pmf) for each expert’s assessment as well
as the aggregate distribution for all experts. Differences in the relative smoothness of the pmfs
across experts are a result of differing levels of discretization in the logic trees: experts with
more uncertainties and more branches representing those uncertainties have smoother-appearing
pmfs.

The aggregate mean annual frequency of intersection shown in the figures is 3.1e-8. The median
is 8.7e-9, and the 90% confidence interval (the 5th to 95th percentiles) is 5.7e-10 to 1.2e-7. The
aggregate distribution has a long right tail (difficult to see in the figure due to the log scale), with
the mean of the distribution about half an order of magnitude higher than the median of the
distribution. The mean value lies at about the 76th percentile of the distribution. The shape of
the aggregate distribution can be seen to be a function of the eight individual pmfs: three experts
(McBirney, Sheridan, and Thompson) have significant mass just above le-9 in their models,
leading to an apparent mode in the aggregate distribution at that value. Other experts have more
mass centered between le-8 and le-7, leading to the second apparent mode in the aggregate
distribution.
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point. Outer contour in all figures is 1e-13, inner contour is expert-specific. Map grid ticks are UTM meters; tick intervals are 10 km.

Figure 4.2-1.  Spatial Distribution of the Mean Frequency of Intersection for Each Expert’s 10,000-Year Assessment
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Figure 4.2-2. Annual Frequency of Intersection of Any Feature with the Repository Footprint: Aggregate
and Individual Cumulative Probability Results for the 10,000-Year Assessment
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Figure 4.2-3. Annual Frequency of Intersection of Any Feature with the Repository Footprint: Aggregate
and Individual Probability Mass Results for the 10,000-Year Assessment
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Figure 4.2-4 compares the 90% confidence intervals, as well as the means and medians for each
expert’s individual results and the aggregate results. Each bar represents the 5th to 95th
percentile range for the expert listed. The mean is represented with a solid diamond, the median
with an open diamond. The aggregate results are shown at the bottom of this figure. The
individual means span about 1.8 orders of magnitude, and the medians span a similar range. All
individual means and medians lie within the 90% confidence interval of the aggregate
distribution.

The highest mean hazard estimate (mean annual frequency of intersection of 9.4e-8) results from
Bruce Crowe’s assessment, which places high weight on a model based on a relatively small
region of interest, leading to higher rate density estimates than most other experts. The lowest
mean hazard estimate (mean annual frequency of intersection of 2e-9) results from George
Thompson’s assessment, which is based on the definition of a zone of higher activity in Crater
Flat, within a background zone of lower activity.

Most of the individual confidence intervals overlap. Exceptions are that George Thompson’s
confidence interval does not overlap with those of Bruce Crowe, William Hackett, or Mel Kuntz,
and Alexander McBirney’s confidence interval does not overlap with those of Bruce Crowe or
William Hackett.* The narrowest confidence intervals are associated with George Thompson’s
and Mel Kuntz’s models: each spans less than an order of magnitude. This results in both cases
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NOTE: Solid diamond represents the mean of the distribution, the open diamond represents the median, and the
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Figure 4.2-4. Comparison of the 90% Confidence Intervals for the Frequency of Intersection: Individual
and Aggregate Results for the 10,000-Year Assessment

* Although these 90% confidence intervals do not overlap, the CDFs in Figure 4.2-2 show that all distributions
overlap across at least some portion of their full ranges.
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from the influence of the spatial zones model and the importance of the background rate in
determining the mean hazard. The widest confidence interval is associated with Charles
Connor’s model, which spans a little more than 2 orders of magnitude. CC’s model includes
several alternative temporal models that result in significantly different rate estimates, which is
the major contributor to the overall uncertainty in his hazard estimate.

4.2.2 1-My Assessment

Figure 4.2-5 shows the aggregate distribution for the hazard results for the 1-My assessment,
calculated based on the results of the individual models evaluated at a future time of 1 My. Note
that for all experts except for Sheridan, the results calculated at 1 My in the future are
representative of their results across the 1-My time period.” For the 1-My assessment, the
aggregate mean annual frequency of intersection is 3.8e-8. The median is 6.8e-9, and the 90%
confidence interval (the 5th to 95th percentiles) is 4.5e-10 to 1.6e-7. Comparing this figure to
Figure 4.2-2 shows that the aggregate distribution for the 1-My assessment is both “wider” and
“flatter” than that for the 10,000-year assessment, indicative of the increased uncertainty some
experts associated with the 1-My assessment.

Figure 4.2-6 compares the 90% confidence intervals, as well as the means and medians for each
expert’s individual results and the aggregate results for both the 10,000-year and the 1-My
assessments. As discussed in Section 4.1, those experts who included explicit model changes for
the 1-My assessment (Connor, Crowe, and Kuntz) expanded their uncertainty about what might
occur over the 1-My time horizon, generally resulting in wider uncertainty bands. This also
leads to the increase in the size of the confidence interval on aggregate hazard for the 1-My
assessment over the 10,000-year assessment.

> The hazard results for Michael Sheridan’s model are strongly influenced by his temporal clustering model and the
assessed probability at any point in time that “current cluster” is still active. After about 220,000 years from the
present, the assessment is that the current cluster is over, and the hazard estimate is the same for each following
year. The hazard assessed at 100,000 years, however, differs from that assessed at 1 My, as discussed in Section
4.1.6.
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NOTE:  Top figure is cumulative distribution function (CDF); bottom figure is a probability mass function (pmf).
Dashed vertical line represents the mean value, the open square indicates the median, and “error bars”
represent the 5th to 95th percentile range.

Figure 4.2-5.  Annual Frequency of Intersection of Any Feature with the Repository Footprint:
Aggregate Results for the 1-My Assessment
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NOTE: For each expert the first line (black) shows the 10,000-year hazard results and the second (blue) shows
the 1-My results. Solid diamond represents the mean of the distribution, open diamond represents the
median, and “error bars” represent the 5th to 95th percentile range.

Figure 4.2-6. Comparison of the 90% Confidence Intervals for the Frequency of Intersection: Individual
and Aggregate Results for both the 10,000-Year and 1-My Assessments

4.2.3 Contributions to Uncertainty

The uncertainty in the aggregate distribution is a function of both the differences between the
experts’ assessments (inter-expert differences) and the uncertainty within each of those
assessments (intra-expert variability). The aggregate distribution is the equally weighted sum of
the eight individual distributions. Let x represent the aggregate model, i represent the individual
models, w; represent the weight on each model, and x and o” represent the mean and variance.
Then o7, , the variance of the aggregate model, is:

o’ :Zwi02f+zw,-><(ﬂ,-—/1x)2 (Eq. 4-1)

Interpreting the first term as the contribution to uncertainty from the individual variances (the
intra-expert uncertainty), and the second term as the contribution to uncertainty from the
differences in the mean estimates across experts (the inter-expert differences), we find that about
20% of the variance in the aggregate distribution is attributed to differences between experts, and
that the majority of the uncertainty in the aggregate hazard is attributable to uncertainties within
each of the expert models.

Equation 4-1 also suggests that one can examine the relative contribution to uncertainty in the
aggregate hazard from each of the individual expert models. Figure 4.2-7 shows this result: the
contribution to variance from each expert’s component of Equation 4-1 was divided by the total
variance to yield the percentage contribution to total variance for each. Not surprisingly, those
experts with the largest variance in their individual models contribute the most to the variance in
the aggregate hazard.
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Figure 4.2-7.  Relative Contribution of Each Expert’s Individual Hazard Results to the Variance in the
Aggregate Hazard Results

To further examine this impact, an additional sensitivity analysis was run: in that analysis, eight
aggregate distributions were calculated, each including the results of seven of the eight experts.
That is, each expert was sequentially “removed” from the aggregate hazard calculation. The
impact of the removal on the mean hazard and on the coefficient of variation of the hazard
distribution is shown in Figure 4.2-8. The figure shows, for example, that if Bruce Crowe’s
models are not included in the aggregate analysis, the mean hazard would decrease by a factor of
almost 0.7, and that the uncertainty in the hazard (relative to the mean) would increase by a
factor of just over 1.3. In other words, without the inclusion of Bruce Crowe’s assessment, the
aggregate mean hazard would be lower but more uncertain. In comparison, without the inclusion
of Michael Sheridan’s asse