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SATSOP SEISMIC HAZARD ANALYSIS

1.0 INTRODUCTION

This report documents a probabilistic seismic hazard analysis carried out
for the WNP-3 plant site at Satsop, Washington (Figure 1-1). The major
components of the study consist of the following:

e Solicitation of expert scientific opinion regarding seismic sources
and particularly subduction zone sources that may affect the site.

e Explicit incorporation into the hazard analysis of this scientific
understanding and the associated uncertainties.

e Inclusion of the present state of knowledge and uncertainty regard-
ing ground motion attenuation for both crustal and subduction

sources.

e Presentation of the hazard results showing relative contributions and
sensitivities of the results to the inputs.

Probabilistic seismic hazard analysis (SHA) involves assessments of the
probability of earthquake locations, sizes, timing, and associated ground
motions, which are coupled with a number of uncertainties. Major components
of uncertainty at the Satsop site are due to inaccessibility of the subauc-
tion-related seismic sources (precluding conventional fault-specific paleo-
seismic studies), the relatively short historical observation period of about
130-200 yr (Heaton and Snavely, 1985), scientific uncertainties in the earth-
quake behavior of the Cascadia subduction zone, and uncertainty in the atten-
vation of seismic wave energy generated from subduction sources to a site.
Therefore, in order to produce a SHA that will withstand intensive scienti-
fic and regulatory ~ew, the analysis must capture the present scientific
uncertainty in several key tectonic issues such as the seismic capability of

the interface between the Juan de Fuca and North American plates.

A complete SHA for the Satsop site must incorporate all known and potential
seismic sources that may affect ground motions at the site. This includes
potential sources related to subduction. The perception and understanding
of subduction in the Pacific Northwest has evolved in the past several
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years. Past studies of historical seismicity have led to the conclusion
that the interface between the Juan de Fuca and North American plate is
either no longer undergoing differential slip (i.e., subduction has ceased)
or subduction is occurring aseismically. Improved instrumental seismicity
coverage in recent years as well as re-examination of older historical
earthquakes has confirmed a virtual lack of thrust-type earthquakes that

rlacement, At the same time, studies of

1 ¢+~ "y s lats 11ar
ce Clspl i

would be related t« interpia
high resolution seismic reflection data have shown clear evidence of .ate
Quaternary and Holocene deformation in the young, water-saturated sediments
of the outer accretionary wedge offshore, suggesting that plate convergence
is still continuing. Offshore and onshore geophysical studies, including
the Lithoprobe project through Vancouver Island, have demonstrated that
extremely high sedimentation rates have served to bury the Juan de Fuca

#

plate, and, because the plate is relatively young and buried essentially all
the way to the Juan de Fuca ridge, the sediments are probably serving to

thermally insulate the plate and are themselves heated ug

The confirmation of historical quiescence of the plate interface and
icreased understanding of other aspects of the Cascadia subduction zone

have led to a variety of interpretations of the seismic behavior of the

plate interface. The extremes of these interpretations indicate that:
1) the historical record is chs teristic of the long-term behavior of the
zone and slippage occurs aseismically, or 2) the historical record repre-
serts an interseismic period between the occurrence of large interplate
thrust earthquakes. A variety I behaviors between these two extremes have
3 £ D1 t i
t present, tl} ) ia zone appeat to | 1 ] in it
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rate i nvergts e, nd . f \terplate | t i eisn t 1o}
tant i1ssue 1s whether t behavior is merely a functior { cur short period
f observati r due to true differences with other subduct
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of scientific thinking, as represented by expert opinion. Examples of these

elements are the seismic activity of the plate

coupling petween the plates, and the likely locations

interface, the amount of

of earthquake rup-

tures. Those elements of the SHA whose unce-tainty can be reduced signifi-

cantly by data collection and analysis efforts

these cases, the Supply System has has carried
results jupersede previous, more limited, studies.

are the empirical and numerical studies carried
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In sum, we believe we have captured the present scientific and tectonic

understanding of the seirwic environment in the Satsop site region. The

results provide a complete expressior of the hazard at the site and the

associated uncertainties. As such, they provide a solid basis for evaluating

the seismic hazard at “he WNP-3 site.
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2.0 APPROACH

2.1 Probabilistic Hazard Model

2.2.1 Formulation. Seismic hazard is expressed as the probability that a
ground motion parameter, Z (such as peak ground acceleration, spectral
velocity, etc.) will exceed a specified level, z, during 8 specified time
period, t. The probability of exceeding a ground motion level at a site can
be estimated from the inequality:

P(2>z|t) s v(z)-t (2-1)

where v(z) is the frequency or rate at which the level of ground motion
parameter Z exceeds z at the site. When dealing with the low probability
levels of interest in this application, v(z)-t provides a good, conserva-
tive estimate of the hazard. The parameter v(z) is obtained from the

general expression:

u
viz) = a(.o)ofl OJ f(l)-f(r)-P(Z>z|l.r) dr 4m (2-2)
m

where u(no) is the frequency of earthquakes above a minimum magnitude of
engineering significance, l°: f(m) is the probability density function for
event size between m° and a maximum event size, nu: f(r) is the probability
density function for distance t> earthquake rupture; and P(Z)zln.r) is the
probability that, given a magnitude m earthquake at a distance r from the

site, the ground motion exceeds level z.

The probability functions contained in Equations 2-1 and 2-2 represent the
randomness inherent in the natural phenomena of earthquake generation and
seismic wave propagation. For the Cascadia subduction zone one is faced
with considerable uncertainty in selecting the appropriate models and model
parameters required to apply Equation 2 arising from limited data and/or
alternative interpretations of the available data. The approach used in
this study explicitly incorporates these uncertainties into the analysis to

assess their impact on the estimate of seismic hazard.
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The uncertainty in modeling the natural phenomena was incorporated into the
hazard analysis through the use of logic trees. The logic tree formulation
for seismic hazard analysis (Power et al, 1981; Kulkarri et al, 1984; Youngs
et al, 1985; EPRI, 1986; Coppersmith and Youngs, 1986) involves specifying
discrete aliernatives for states of nature or parameiesr values and specifying
the relative likelihood that each discrete alternative is the correct value
or state of the input parameter. The parameter values and their relative
likelihoods are usually based on subjective judgment because the available
data are too limited to allow a deterministic assessment or a formal
statistical analysis.

Figure 2-1 displays the general logic tree format used to represent the
seismic hazard model alternatives. The logi~ tree is laid out to provide a
progression from general aspects/hypotheses regarding the chare~steristics of
seismicity and seismic wave propagation in the region to specific input
parameters for individual faults and fault segments. The motivation for
development of the various levels of the logic tree are discussed below.

2.1.2 Basic Components of Seismic Hazard Model. The seismic hazard model
is divided into a number of components, most of which relate to the tectonic

characterization of the potential seismic sources. The fourteen experts
were responsible for characterizing these comporents (see Section 3). To
help in understanding the hazard model, each component is discussed below.

Crustal Geometry
Each expert was asked to provide his interpretation of the three-Cimensional

geometry of the Cascadia subduction zone. Each expert provided & cross-
sectional sketch of one or more possible geometries showing the location of
the Juan de Fuca slab and the North American plate. Along-strike variations
in geometry (such as changes in slab dip) are also specified. The most
common basis for estimating the possible position of the oceanic slab was
the distribution of hypocenters of the deeper seismicity beneath Puget

Sound, coupled with worldwide analogies to other subduction zones (e.g..
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expected dapth required for magma generation may mark the depth to the slab
beneath the Cascades).

Potential Seismic Sources
The experts were asked to identify all potential seismic sources that could
exist in the western Washington region. It was stated to the experts that

shallow crustal potential seismic sources would be considered elsewhere in
the study, but they were asked to identify those potential sources that
might be present in the shallow crust (upper 20 km) but might not have a
surface expression, Potential sources were not necessarily limited to those
tectonic features that have been associated with seismicity during the
historical period. Areal source zones as well as tectonic feature-specific
sources could be identified. In general, all of the experts identified two
potential seismic sources: 1) an intra-slab source whereby earthquakes are
Zenerated within the subducted oceanic slab, and 2) an interface source
whereby earthquakes are generated at the interface between the Juan de Fuca

and North American plates.

Probability of Activity
Each seismic source is associated with an expression of the probability that

it is active or seismogenic. Activity is used here to mean that the source
is capable of generating tectonically-significant earthquakes. In general,
for the subduction-related seismic sources, significant tectonic earthquakes
were judged by the experts to be larger than about magnitude 6. (Note that
this is not the lower bound magnitude for integration of the hazard calcula-
tion, which is discussed in Section 4.) The probability of activity is
assessed to be a function of the tectonic rcle played by a potential source
in the present stress regime, and unless that role is expected to change,

the probability of activity is independent of time. Thus, "activity" is &
binary state (i.e., either "yes" or "no"), and the probability of activity
is an expression of the likelihood that the potential source lies in an
active state or not. Not included here is the likelihood of earthquake
recurrence during any specified time period. This is a function of the
recurrence rate, which is a separate component of the seismic hazard model.
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The experts considered the probability of activity of the subduction sources
(i.e., the intra-slab and interface) to be independent, based largely on
observations of subduction zones worldwide.

Location of Ruptures
To model the seismic sources for the hazard analysis estimates are made of

the three-dimensional location of ruptures for each seismic source. This is
an assessment of the geometry of the surface over which future ruptures will
occur. For example, an intra-slab seismic source might have the following
rupture location characteristics: 1) in cross-section, earthquakes will
occur in the upper ten kilometers (brittle portior) of the oceanic slab, 2)
the downdip extent will be to depths of about 70 km and updip to the f{irst
bend in the slab offshore, 3) the earthquakes larger than magnitude 7 will
occur at depths of 50 to 70 km, 4) in map view, the intra-slab seismicity
will follow roughly the coastline to accommodate the "corner" near the
Canada/ U.S. boundary and will end at the Nootka fault on the north and the
Blanco fracture zone on the south, 5) in map view, the relative frequency
of earthquakes in the intra-slab source will spatially match that observed
in historical seismicity (i.e., higher concentration beneath the Puget
Sound/Georgia Strait region than to south or north).

Another aspect of rupture locations that may be snecified is that of seg-
mentation of the source. This assessment allows for the possibility that
future max.imum earthquakes may not rupture the entire maximum dimensions of
the source. Possible rupture segment boundaries may be identified and the
probability that they will serve as rupture boundaries can also be assessed
(e.g., the tear fault in the downgoing slab at a specified location has a
40% chance of serving to stop rupture coming from either direction on the

plate interface).

As with all components of the seismic hazard model, alternative hypotheses
for the location of ruptures may be given and each can be associated with a

relative weight or credibility,
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Maximum Earthquake Magnitude

Each seismic source is associated with a maximum earthquake magnitude that
serves as the upper-bound constraint on the recurrence relationship for that
source. Maximum magnitudes were often directly assessed by the experts
based on the largest historically observed magnitudes cr by analogy to other
subduction zones. For the plate interface source, many experts indicated
that the rupture dimensions, specified previously as part of locations of
rupture, provided a reasonable basis for estimating maximum magnitudes. In
these cases, the magnitudes were calculated by the elicitation team using
the experts' rupture dimensions and the relationship between magnitude and
rupture area by Wyss (1979). In general, the magnitudes determined in this
manner ranged from 8-3/4 to 9-1/4. In a few instances, the experts specified
developing a maximum magnitude estimate from the relationships between plate

age, convergence rate, and observed magnitude (Ruff and Kanamori, 1980),
resulting in magnitude estimates of about 8.3.

Uncertainty in the maximum magnitude estimate is expressed by the experts in
terms of a range of values, a preferred value with associated bounds, or

discrete values each associated with a relative weight.

Convergence Rate
Convergence between the Juan de Fuca and North American plates is considered

parallel to the relative plate motion direction. The convergence rate is
the relative rate between the two plates, derived in most cases from the

absolute plate velocities of each plate. Various investigators have shown

that the convergence rate at the Cascadia subduction zone has been decreasing
over the past few million years (e.g., Riddihough, 1984). Because we are
most interested in the present behavior of the plate boundary, the experts
were asked to give convergence rate estimates that are representative of

contemporary rates. Often, a broad range of estimates was given, reflecting

considerable uncertainty in the rate,




Seismic Coupling

Seismic coupling (a) is defined for this study as the percentage of the i
total convergence rate that is expected to be released as seismic energy |
(i.e., ratio between seismic moment rate and convergence rate). Coupling |

can be estimated from the historical record or from an assumed model.

example, the historical record in the Pacific Northwest shows that virtually
no thrust earthquakes larger than magnitude 5 have occurred on the plate

interface (i.e., the historical seismic moment rate is very low). If

behavior is judged to be representative of the longer term behavior then
seismic coupling would be very low. However, the historical quiescence may

be interpreted by some to be the result of a short observation period

actually representative of interseismic quiescence. In this case, the

seismic coupling might be assessed to be high (i.e., a clese to 1.0),

wide variety of approaches might be considered in arriving at a seismic
coupling estimates ranging from detailed studies of the mechanical/thermal
properties of subducted sediment to analogies to similar subduction zones

worldwide.

Earthquake Recurrence

Earthquake recurrence or the frequency of occurrence of various magnitude
earthquakes is assessed for each seismic source. The experts were asked to

specify the preferred method(s) for estimating recurrence including:

use of historical seismicity record, use of seismic moment rate, or geologic !
data regarding recurrence intervals. To use the historical seismicity
record, the three-dimensional area for gathering recurrence statistics is
specified as well as the area over which these recurrence rates are assessed

to apply. For example, the deep seismicity zone (> 30 km) beneath Puget

Fer

this

and

A

the

Sound may be specified to define a recurrence rate per square kilometer.

This rate may in turn be said to also be appropriate for the source at this

depth north and south of the seismicity zone.

The seismic moment approach to recurrence was used in many cases to define

the recurrence for the plate interface. The convergence rate is multiplied

by the seismic coupling (a) to arrive at a seismic slip rate. To arrive at

B
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a seismic moment rate, the slip rate is multiplied by the total area of the
seismic source (defined by the assessed source geometry and location of rup-
tures) and an assumed rigidity (3 x 1011 dyne/cnz). The use of seismic:
moment rate to define rucurrence has become standard practice for crustal
faults (e.g., Andersor and Luco, 1983; Youngs and Coppersmith, 1985a) and
appears to be supported by observations of seismic uoment release observed
for several subduction zones (Peterson and Seno, 1984). To use the result-
ing seismic moment rate, a recurrence distribution model must be specified
that indicates the relative frequency of earthquakes of various magnitudes.
The models considered by the experts included: 1) an truncated exponential
magnitude distribution based on the familiar form log N = a-bM, 2) a charac-
teristic ear hquake model of the foru given by Youngs and Coppersamith (1985b)
and 3) a maximum moment model as described by Wesnousky, et al. (1983).

Some e.parts used geologic evidence for the recurrence intervals between
large eai.thquakes. Typically this type of data does not provide strong
constraints on the size of the earthquakes giving rise to the geologic
effect. For this study, we assume that the recurrence intervals apply to
magnitudes within one-half magnitude of the maximum. The recurrence dis-
tribution model then defines the recurrence rates for smaller magnitudes.

2.2 Use of Expert Opinion
Several key tectonic issues (such as the seismogenic capability of the plate

interface, the degree of seismic coupling between the plates, earthquake
recurrence rates, and the like) are not amenable to resolution within the
time frame of this study. Therefore, a decision was made to capture the
present understanding and opinions regarding these issues through the use of

experts most familiar with them,

In deciding on an appropriate methodology for eliciting expert opinion,
carerul consideration was given to the strengths and weaknesses of recent
large SHA's involving expert opinion (EPRI, 1986; and LLNL, 1985) because
the level of uncertainty and the potential for short-term resolution of the

issues is comparable,.

B e o st A
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By considering the attributes of these previous studies as well as the
specific requirements for a hazard assessment at the Satsop site, a method-
ology was developed for utilizing expert opinion. The key attributes of the
methodology and the purpose for each are given in Table 2-1, and further
discussion is given below.

2.2.1 Panel Selection. The panel selected for the Satsop SHA was intended
to span fields of expertise that cover in aggregate the ent'.re range of the
hazard model components (e.g., crustal geometry, seismic capability, conver-
gence rate, maximum earthquakes, and earthquake recurrence rate). In addi-
tion, it was felt to be desirable to attain a balance of disciplines per-
taining to the topic of subduction tectonics and seismicity (e.g., geolo~
gists, geophysicists, seismologists, laboratory experimentalists, empirical
analysts, etc.). The above considerations required that the total number of
experts be relatively large (14) for studies of this kind.

A primary consideration in the selection of experts was that they must have
had scze experience with the (ascadia subduction zone or allied experience
with other subduction zones having similar characteristics. For example, a
suitable expert might be a geologist who is carrying-out analytical studies
of the seismic behavior of subduction zones that are 3ubducting large amounts
of sediments and who is familiar with the accretionary wedge characteristics
of the Cascadia zone. Because a large part of the uncertainty associated
with the Cascadia zone stems from determining its "uniqueness" relative to
other subduction zones, it is important that the experts be familiar with
this zone in order to provide as site-specific a hazard model as possible.

Finally, some of the experts have published opinions regarding the seismic
behavior of the Cascadia subduction zone. To the extent possible, we
achieved a balanced cross-section of opinion in selecting the panel members,
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TABLE 2-1 ‘
METHODCLOGY FOR CONDUCTING SATSOP SEISMIC HAZARD ANALYSIS
Attribute of Methodology Purpose
e Large number of experts (14) e Spectrum of scientific opinion
captured
e Experts represent wide variety of e Incorporate full range of
disciplines perspectives and data sets
® No single expert required to address e Avoid encouraging expert to go
all aspects of hazard model beyond area of expertise
o Experts provided with backgroumd e Encourage a uniform minimal
information and topical reference level data base; provide a
list focus or key issues to SHA
e Experts interviewed individually e Allow for free expression of
and opinion not associated with opinion; highly focused
expert by name discussion
@ Basis for decisions given and e Allows for a technical evalua=-
documented tion of the responses in terms of
the scientific issues driving
thinking
o Inter .ew su-.aries provided to e Ensure accuracy and provide
eart expert for review opportunity to change opinion

upon reflection

e iazard model developed as components e Model is clearer to experts;
allows for sensitivity studies

e Full inclusion of uncertainty o Leads to more complete expres-
expressed by experts sion of hazard;
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3.0 SATSOP SEISMIC HAZARD MODEL

This section of the report summarizes the components of the seismic hazard
model for the Satsop site. Included here are the "inputs" to the seismic
hazard calculations, the results of which are given in Section 4.

The potential future earthquake sources of significance to ground motions at
the site can be divided into two groups: those associated with the Cascadia
subduction zone and those located in the shallov crustel portion of the
North American plate. Seismic hazard models were developed separately for
each group of sources as discussed in Section 3.1 for subduction zone sources
and 3.2 for shallow crustal sources.

3.1 Subduction Zone Hazard Model
The various seismic source characteristics that were defined for potential

subduction zone earthquake sources is given in logic tree format developed
to model the subduction zone sources is shown in Figure 3-1. The logic tree
progresses from an assessment of the geometry of the subducting slab to
assessments of specific analysis parameters for individual sources. The
assignment of parameter values and their relative likelihoods for the subduc-
tion zone scurces was based on the inputs from 14 experts (Section 2.2.2).
The individual assessments of each of the experts are documented in Appendix
A and are summarized in Table 3-1. As part of this study, site-specific
ground moticn attenuation relationships were developed based on an analysis
of strong motion data including near-field data recorded during several
recent earthquakes; this analysis is presented in Appendix D.

3.1.1 Seismic Source Model. As discussed in Section 2.3, the hazard model

could be developed by either combining the assessments of all the experts

for each parameter (termed "component level" aggregation) to arrive at an

aggregated assessment over all experts for each parameter, or by developing

& hazard model for each expert based on his individual assessments and then

aggregating the computed hazard from the 14 models (termed "hazard level"
|
|

aggregation). Because many of the assessments of the components were made

conditional on other responses (e.g., an assessment of the maximum extent of
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interface rupture may be conditional on the assessments made for the geometry
of the oceanic slab) the hazard level aggregation approach was Judged to be
more appropriate. However, as indicated by the blank spaces in Table 3-1,
not all of the experts provided a complete set of assessments for all compo-~
nents. Where an individual expert declined to assess a particular compcnent ,
a distribution of parameter values based on the assessments of the other
experts was substituted to complete the hazard model. A suppiemental hazard
analysis was performed using a composite hazard model constructed from the
aggregated distributions for each component presented below.

The component-level distributions for individual parameters wore developed
on a marginal basis. For eaxample, if an expert has two alte .ative oceanic
slab geometries and for each, he assessed a distrioution for maximum magni -
tude, then his marginal distribution for maximum magnitude would be a combi~
nation of the two distributions, each weighted by the probability that the
particular slab geometry on which it is based is the correct geometry. The
marginal distributions of the experts that made assessments of maximum
magnitude could then be aggregated to form a single marginal distribution
that could be used to fill gaps in the hazard models »f those experts that
did not assess maximum magnitude.

The assessments made for each component of the hazard model are summarized
below. Included here is a summary of individual experts' assessments for
each component as well as the distributions of assessments across all experts
for each component. The component-level distributions were used to complete
the individual logic trees where necessary and to develop the composite
hazard model.

Crustal Geometry

All of the experts provided an assessment of the cross sectional geometry of
the subducting Juan de Fuca plate. Most of the experts provided only a
single assessment consisting of the plate dipping at arproximately 11° and
extending through the zone of deeper earthquakes lying at depths of 30 km or
more beneath the site. Two experts provided a slight modification of the
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10" dip consisting of a flat lying slab with a double bend (see cross section
for expert 6 in Appendix A as an example). Many of the experts preferred
the model recently proposed by Crosson and Owens (1987) that has an arch ir
the slab along strike. Figure 3-2 presents the aggregate distributions for

slab geometry.

Seismic Sources

All of the experis identified the Juan de Fuca - North American 2late inter-
face and the subducting Juan de Fuca plate as potential sources of thrust
and intraslab normal events, respectively. Some experts also identified
potential sources in the overlying North American plate. Evaluation of the
hazard from these crustal sources was included in the shallow crustal source
model described in Section 3.2,

Probability of Source Activity

All of the experts made an assessment of the probability that the plate
interface and the subducting slab are active or seismogenic (see Section 2.1
for discussion of "activity"). Figure 3-3 shows the distribution of assess-
ments of activity for the intraslab and interface sources. The assessments
for the intraslab source are generally at or near unity based on the past
record of seismicity. The assessments for the interface range from near
zero to near 1.0 with an average of 0.54. The assessments cluster near zero,
near 0.5, and near 1.0. It should be noted that the that an adjustment was
made to the assessments of experts & and 13. As indicated in Table 3-1,
column 5, these two exports have probabilities of 0.9 and 0.85, that the
maxiwum magnitudes for the interface is M_ 5 or less. All other experts
made the assessment of activity in terms of the probability of the interface
being able to generate tectonically significant events (#.>5). To put the
assessments of experts 4 and 13 on & consistent basis they were adjusted *o
values of 0.075 and 0.0075, respectively, and their maximum magnitude distri-
butions renormalized to include only magnitudes larger than M, 5. These
adjustments were discussed with the experts and they were .\ agreement.
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Locations of Ruptures

The experts provided assessments on the limits of earthquake ruptures, both
along the length of the subduction zone as well as the up dip and down dip
extent. Figure 3-4 provides histograms summarizing the responses obtained.
Most experts considercd the maximum limits of coherent rupture along the in-
terface to be the boundary w.th the Explorer plate at the Nootka fault zone
on the north and the Blanco fracture zone on the south (see Figure 3-5).
Several experts considered further segmentation of the interface to have
some credibility, with a segment boundary generally in the vicinity of 46°N
or segment boundaries on the northern or southern margins of the arch in the
slab proposed by Crosson and Owens (1987). The assessments of the minimum
depth of rupture along the interface ranged from 5 to 25 km and the maximum
depth of rupture ranged from 35 to 60 km. The distributions for mijrimum and
maximum depth of interface rupture shown in Figure 3-4 were used in develop-
ing an expert's hazard model if he did not make an assessment.

A majority of the experts stated that they expect the future distribution of
intraslab events to follow the observed pattern of historical seismicity
with the majority of events occurring generally beneath Puget Sound. Alter-
natives considered included completely uniform seismicity within tha down-
going slao or a concentration of larger events at deeper depths. Figu-e 3-4
shows the aggreg: te distribution for seismicity distribution. The pattern
of historical seisnicity generally inferred to lie within the Juan de Fuca
plate is shown in Appendic C, Figure C-2,.

Maximum Magnitude
The experts that assessed maximum magnitudes for the interface either made a

direct assessment or specified that it be calculated “rom the maximum rup-
ture dimensions assessed above using the relationship between rupture area
and magnitude proposed by Abe (1975) and Kanamori (1977). Their reiationship
can be writted as M = log,, (A) + 3.99. Regression of published values of

M, and Area for recent earthquakes holding the slope equal to unity yielded
the same relationship between magnitude and rupture area. Twelve experts
provided an assessment of saximum magnitude for the interface: seven (58%)
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specified the use of wmaximum rupture dimensions and five (42%) gave a direct
assessmont .f the maximum magnitude on the basis of analogy with other sub-
duction zones or other techniques for magnitude estimation. The aggregate
distribution shown in Figure 3-6 is for those five experts who made a direct
assessment, and is thus conditional on the direct assessment procedure being
the correct procedure. In general, the maximum rupture dimensions specified
by the experts resulted in maximum magnitudes of about 9. If an expert did
not assess interface maximum magnitude, then the marginal distribution used
to repvesent the aggregated opinion of the other experts consists of 0.58
weight assigned to the magnitude value obtained from the experts assessment
of maximum rupture dimensions and 0.42 weight assigned to the conditional
distribution based on direct assessament.

The distribution shown at the top of Figure 3-6 has a large probability of
0.38 assigned to a maximum magnitude of 6. As this represents the judge-
ments of two of the experts based on specific reasoning, it is an appropri-
ate distribution for use in component level aggregation. Huwever, it was
judged that this assessment is significantly lower than would be obtained
from a general population of scientists familiar with subduction zone earth-
quakes and those experts who did not make any assessment of maximum magni-
tude for the interface would, nevertheless, be likely to assign a much lower
probability to a maxirum magnitude of 6. Accordingly, the conditional dis-
tribution used for those experts who did not assess maximum magnitude (i.e.,
the distribution for use in "gap-filling") was modified from that shown at
the top of the Figure 3-6 by removing the assessments for very low magnitudes
and renormalizing. The resulting distribution is shown in the middle of

Figure 3-6.

The maximum magnitude for the intraslab source was assessed by 11 experts on
the basis of historical seismicity and analogy with other subduction zones.
The aggregated distribution is shown at the bottom of Figure 3-6,
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Earthquake Recurrence Method
All experts who made an assessment of earthquake recurrence preferred to use
historical seismicity data to define the recurrence parameters for intraslab

events. Appendix C presents recurrence paras:ters for intraslab events
based on an analysis of the seismicity data. These parameters were used for
all experts. Recurrence estimates fer the plate interface were assessed
either on the basis of a moment rate approach or on the basis of gwologic
evidence for the frequency of large events. In aggregate, the experts favor
the moment rate approach slightly more than the use of the geologic data by
the ratio 0.54 to 0.46. I an expert did not make an assessment of earth-
quake recurrence for the interface, then both methods were used with the
given weights.

Geologic Recurrence Rate

Six of the experts chose to base the recurrence estimates for interface
events solely or partially on geologic evidence for possible paleoseismic
evencs, primarily the data from coasta’ subsidence and offshore turbidites.
Figure 3-7 prusents the aggregated distributions for return period of large
interface events. The distributions ars centered about an average recurrence
interval of about 500 years,

Con- 2argence Rate

4.1 of the experts made an assessment of convergence rate with most basing
the assessment on the rate estimates published by Riddihough (1984),
Nishimura and others (1984) and Verplanck and Duncan (1987). Those experts
that made a direct assessment generally gave a wide distributicn of values
with a mean value fomewhat lower than the published estimates. Figure 3-8
shows the aggregate distribution for convergence rate estimates,

Seismic Coupling

Figure 3-8 shows the aggregate distribution- ¢ the amount of seismic coup-=
ling between the Juan de Fuca and North American plates. Most of the experts
gave a wide distribution for the amount of coupling with expert 1 giving a
zero/one bimodal distribution. The bases for estimates of coupling were
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quite varied and ranged from analogies with other subduction zones to
thermal ~-mechanical modeling of the plate interface.

The product of the plate interface area, the convergence rate and the amount
of seismic coupling provide the rate of release of seismic moment. For an
interface length of 800 km, a width of 100 km, a conve ;gence rate of 4 cm/yr
and an aggregate mean of 0.4 for seismic coupling gives a moment rate of
3.84 x 10°® dyne-cm/yr. Assuming all of the moment is released in magnitude
8% events, a moment rate estimate of approximately 200 years would be
obtained for the return period of these events.

Recurrence Model
Three recurrence mocels for the form of the magnitude distribution were used

for esrthquake sources in the analysis: the truncated exponential distribu-
tion, the characteristic magnitude distribution, and the maximum moient dis-
tribution. Figure 3-9 illustrates the cumulative form of these three distri
butions and compares how they would estimate the frequency of smaller earth-
quakes when the absolute level of seismicity is fixed by the frequency of

the largest events. Based primarily on the historical absence of small- and
moderate-magnitude events, most experts preferred the maximum moment or
characteristic models. The aggregated distributions of the experts yielded
weights of 0.52, 0.38, and 0.1 for the maximum moment, characteristic, and
exponential models, respectively.

3.1.2 Ground Motion Attenuation. Appendix D presents an analysis of strong

motion data from subduction zone earthquakes, including data form the recent

earthquakes in Chile and Mexico. Two attenuation models were developed rep-

resenting the uncertainty extrapolation of the empirically based attenuation

relationship to magnitudes greater than M 8. The two models are designated

"S-~Cubed" and "Joyner" indicating scaling laws based on the results of ground
motion simulations (S-Cubed, 1988) and on theoretical source spectra and ran-
dom vibration theory (Joyner, 1984). As indicated in Figure 3-9, the S-Cubed
model is given greater weight (0.67 vs. 0.33) because it is based on simula-

tion done specifically for ground motions at the WNP-3 site.
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3.2 Shallow Crustal Hazard Model

The logic tree format developed to model the shallow crustal sources in the
North American plate js shown in Figure 3-11. Eleven seismic sources were
representea in the hazard analysis, consisting of five sources related to
geologic/geophysical features and six distributed area source zones. The
maximum magnitude and earthquake recurrence estimates for these crustal

sources is presented in Appendix B.

Three recently developed attenuation relationships for ground motions from
shallow crustal earthquakes were ¢.nsidered applicable for estimating ground
motions at the site from the identified crustal sources. The peak accelera-
tion relatinnships published by Joyner and Fumal (1985) and Campbell (1987)
are based on ground motion data available through 1980 and are considered by
their authors to be applicable to both soil and rock sites. The third rela-
tionship (Gcomatrix Consultants, 1987) is a modified form of that published
by Sadigh et al (1986) reflecting analysis of data recorded on rock sites
post 1980. The three relationships were given equal weight in the analysis.
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Figure 3-11, Shallow crustal sources hazard model.
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azard Computation
Seismic hazard computations were made for each of the hazard model logic
trees developed in Section 3 utilizing the formulation given in Section 2.

The hazard was computed considering the contributions of earthquakes of

magnitude 4.0 and greater for the local shallow crustal sources and magni-

tude 5.0 and greater for all other sources. The probability density func-
tions for distance to earthquake rupture were developed by modeling earth-
quake ruptures as rectangular rupture areas distributed over a fault plane.
The plate interface and the individual shallow crustal features were modeled
as single fault planes with earthquake ruptures distributed over the fault
surface. Distributed area sources, including the intraslab source, were
modeled as a series of parallel fault planes occupying the volume specified
for the source. Spatially variable seismicity rate was modeled by specifying

the fraction of the total seismicity that occurs on each fault plane.

The mean rupture area of an event was specified by the fellowing relation-

ships:

rupture area

area
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curves to represent the uncertainty in the exceedance frequency. 'he compu-

tations were made for peak ground acceleration and spactral velocity at

periods of 0.15 and 0.8, 2.0 seconds. The periods of 0.15 and 0.8 seconds

represent the periods of maximum amplification of spectral acceleration and
1

spectral velocity, respectively, in the response spectrum developed for

subduction zone earthquakes (see Appendix D).

r 4.2 Exceedance Frequency for Peak Ground Acceleration

{.2.1 Total Hazard. Figure 4-1 presents the computed hazard for peak

‘ . . o S Th o (-,.th i
horizonta®' acceleration. Shown are are the 15, 50", and 85 percentile
hazard cu'ves for the shallow crustal sources, the subduction zone sources,
and the cmbined “.otal hazard. The hazard curves for the subduction zone
sources ai'e from an equally weighted aggregate distribution of the 14 expert
assessmenti. As can be seen, the hazard is dominated by potential subduction

zone events The 15'" and 85'" percentile curves for the total hazard

uiffer by approximately a {actor of 2 at low acceleration levels to a factor

of about 10 at high acczleration levels,
7
4
J Figure 4-2 presents the average contributions to the total hazard from avents
2 in varaous distance and magnitude increments and from various sources for
: pcak accelsrations of D.1, 0.3, and 0.5 g At low acceleration ievels, the
hazard resulcs prizarily from contributions tro» the smaller, more frequent
events \s the ecceleration level increase the larger aagnitude events
increasingly dominate the hazard. There is also a major contribution from
ntraslab event in tl nagnitude 6 to 7 range The majou ntribution t
tt zard is f event n th listance range f to 65 km « espond
to ti ] r portions of t plat nterface and al
.
iZzard 1 11 for the - { i I il 1 A i -
L}
juct I rd f th t tioi
o . ; : : ¢ } : '
! I I 1P} 1 1
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yarameters for each individual expert and then average the resulting 14
I I 4 !

hazard distributions to develop an aggregate hazard distribution,

Individual Experts. Hazard models were developed for each of the
axperts using their individual parameters when they provided a response

for a given component and aggregate marginal distributions of the assessments

of the other experts when they did not respond. The complexity of the logic
trees for the individual experts varied dramat.cally from a minimum of 15
branches to a maximum of 1000 branches. In general, those experts with
large final logic trees did not provide a complete hazard model; the com-
plexity reflects rather the use of the aggregate of the opinions of the
other experts for missing components. Hazard computations were performed
for each expert's model using the two attenuation models developed in

Appendix D

Figure 4~3 presents the median hazard curves obtained from the logic trees

of each expert. The range of median hazard curves spens about one end one-
th o.th
U

~th
., and 85" percen-

balf orders of magnitude. Figure 4-4 shows the 15

tile bhazard curves ftor each expert. As can be seen, there is generally an

o ‘ i PO " ~th . .
order of magnitude difference between each expert’'s 1°F and 85 percenti le
Lazard cuives, which is comparable to the variatio en experts shown

Figure 4-3.
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As can be seen, theve2 is greater variability between experts in the assess-
ment of the hazard from the interface source than the hazard from the

intraslab sources.

Aggregated Hazard. As indicated above, the primary approach used to aggre-
gate the assessments of the 14 experts was to form an equal weighted average
of the hazard distributions obtained for each expert. Figure 4-6 presents
the resulting distribution for exceedance frequency. Shown are the 1%‘“.

ST . th , " . y :
50", and 85 percentile hazard curves for the aggreguated distribution

(solid curves) as well as the median hazard curves for the 14 experts. The

~th ~th y . . :
15 and 85 percentile hazard curves of the aggregated distributions

encompass the median hazard curves of 10 out of 14 experts and an equal

number of individual expert medians lie above and below the aggregate median.

Figure 4-7 presents the results of the alternate aggregation approach dis-
cussed in Section 2.3. is approach, the aggregated markgina’ distribu-
tions for each component of the hazard model were used to construct a single
composite hazard model logic tree. As shown in Figure 4-7, the composite

model hazard curves are very similar to the aggzragate hazard curves.

Contributions to Uncertainty. The contributions of uncertainty in various

components of the hazard models to the uncertainty in the zomputed hazard

SRFT : - i £ . o | ~th
are illustrated in Figures ! through 4~18. ‘igure 4-8 compares the 15
ae=th . . "
and 85 hazard curves cons ng expert-to-expert variability (dashed
+h

lines) with th 5 and 85 percentile hazard curves representing the
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Figure 4-9 shows the contributions to uncertainty in hazard resulting from
uncertainty in modeling subduction zone earthquake ground motions. The plot
on the left compares the hazard curves obtained considering both interface
and intraslab events and the plot on the right shows the hazard curves
considering only the hazard from interface earthquakes. As can be seen,
there is only a minimal difference in the two hazard curves reflect ag the
large contrirbutions to hazard from events below magnitude 8 (Figure 4-2)
for which there is no difference in attenuation relationships.

Figures 4-10 through 4-18 present the contributions to the uncertainty in
hazard due to the uncertainty in various components of the individual experts
hazard models. In each figure the solid lines are the 15th and 85th percen=-
tile hazard curves resulting from the total uncertainty from all components
of the hazard model and the dashed curves represent the 15" and 85" percen-
tile conditional mean hazard curves considering uncerteinty only in the
component identified in the figure title. (Fractiles of means are shown
rather than fractiles of medians bacuuse they are more efficient *o compute,
although they resuit in a shift awa; from the medicr hazard coward tLhe
higher percentiles of the distribu.ion). The contributions to tte total
uncertainty vary from cowponent to component and from expert to expart. For
any one comporeznt, the width of the distribution shown in Figures 4-10
through 4-18 reflects both the amount of uncertainty ‘n tle assessment of
the parameter and the sensitivity of the computed hazard to variability ir
the parameter. For example, thie vesults presented in Figure 4-10 show that
the effect of uncertainty in the geometry of the subducting slab on the
hazard is small. For most of the experts this results because they selected
only a single model for the slab geometry. However, even for those experts
who considered alternative geometries, such as experts 1 and 14, the impact
on the hazard is relatively small. Alternatively, the results presented in
Figure 4-11 indicate that uncertainty in source activity has a significant
impact on the uncertainty in hazard. The reason for this large effect- was
shown previously in Figure 4-5. As indicated in that figure, the hazard

from the interface is generally comparable to or higher than the hazard (rom
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the intraslab events, thus the hazard is significantly altered depending on

whether or not the interface is seismogenic.

Examination of Figures 4-10 through 4-18 indicate that the major contri-
bution to "within expert" uncertainty is from uncertainty in source activity.
The contribution of "within expert"” uncertainty to the total uncertainty can
be estimated from the results presented in Figures 4-8 and 4-9. The total
variance in the hazard is the sum of the expert-to-expert variance, the
variance due to uncertainty in modeling the attenuaticon characteristics, and
the average within expert variance. As the expert-to-expert variance was
estimated above to be approximately two-thirds of the total variance and the
uncertainty in attenuation contributed little to the uncertainty in hazard,
the average "within expert" variance is approximately one-third of

variance.

2.3 Shallow Crustal Sources. Figure 4-19 presents the hazard computed for

i : o x ~th th

the shallow crustal scurces. The plot on the left compures the 15 , 50
~th R o “al? . : ,

and 85 percentile hazard curves for the shallow c¢rustal sources wich those

for the subduction zone sources. B be seen, the median hazard from

sources is approxicately one and one-half order of magnitude lower

(o 3

median for subduction zone sources and the range between the

percentiie curves i3 greater. Sho n the right in Figure

are the media

allow crustal sources.
R

the hazard from shallow

Selismicliy source
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4.3 Exceedance Irequency for Spectral Velocity

Figure 4-21 presents the computed hazard for 5-percent damped spectral velo-
city at periods of 0.15, 0.8, and 2 seconds. Comparison of these results

with the hazard curves for peak acceleration shown in Figure 4-1 indicates
that the shallow crustal sources have a similar level of contribution to
hazard for spectral accelerations as their contributior to hazard for peak
acceleration. Figures 4-22 through 4-24 present the lsth. 50‘“. and 85th
percentile hazard curves for the individual experts, for periods of 0.15,
0.8, and 2 seconds, respectively. As can be seen, the uncertainty in hazard
increases somewhat for longer period motions, reflecting greater impact of
the uncertainty in the potential for very large events on the plate
interface.

The individual expert median hazard curves are compared with the lsth. so‘h.
and 85th percentile hazard curves for the aggregated distribution in Figure
4-24. As was the case for peak acceleration, the lsth and Ssth percentile
hazard curves for the aggregated hazard encompass the median curves for 10
to 11 of the 14 experts. The relative position of the median curves for
individual experts is similar to that shown for peak acceleration in Figure
4-3. The results also indicate that the expert-to-expert varisbility con-
“ributes approximately the same proportion of the total uncerteinty as was

observed for peak acceleration.

Figure 4-26 compares the results for the two approaches used for aggregation.
As was the case for peak acceleration, component level aggregation results

in similar hazard curves to those obtained using the aggregate of the 14

experts' hazard distribution.
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EXPLANATION TO ACCOMPANY
TABLE 3-1

Table 3-1 summarizes the responses given by the fourteen experts, which are
further detailea in Appendix A. A more complete discussion of the components
of the seismic hazard model is given in Section 2.1. Each of the columns in
Table 3-1 is explained below. Note that blank columns or apparent omissions
in the table are the result of the expert declining to characterize these
aspects.

Oceanic Slab Geometry

Each of the experts developed a cross-sectional sketch of the geometry of

the oceanic slab beneath western Washington., These sketches are included in
Appendix A and described verbally in Table 3-1. Alternative models are given
along with the relative weight assigned to each, expressed as probabilities
summing to unity.

Potential Seismic Sources

The subduction-related potential sources of earthquakes are identified and
each is assigned a letter, which is shown in brackets (e.g., "[a]"). These
letters are used in subsequent columns to specify which seismic source is
being described.

“robability of Activity
Probabilities of activity are given for each potential seismic source, spec-

ified by a letter in brackets. Where expressed by the experts, ranges of
estimates are given in parentheses. "Activity" is used here to signify
capable of generating tectonically significant earthquakes (see Section 2.1).

Maximum Magnitude
Direct assessments of the maximum earthquake magnitude are given for the

sources specified in brackets. In some cases, a range of values is given,
or a best estimate and uncertainty bounds, or discrete values with relative

weights assigned to each value. Where the word "Dimensions" appears, the
expert indicated that the rupture dimensions that he specified be used to
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EXPLANATION TO ACCOMPANY TABLE 3-1 (cont'd)

calculat~ a magnitude (i.e., he did not provide a maximum magnitude estimate
directly). See Section 2.1 regarding "location of rupture" to see how the
rupture dimensions were estimated.

Convergence Rate

The relative rate of convergence measured parallel to the convergence direc-
tion between the North American and Juan de Fuca plates is given in milli-
meters per year. In some cases, ranges are given or discrete values are
given with associated relative weights.

Recurrence Method
The manner in which the experts desired to have the earthquake recurrence
rate specified is given in this column. Examples include recurrence based

on the historical seismicity record, geologic data for recurrence intervals,
or seismic moment rate. The seismic moment rate approach (described in
Section 2.1) utilizes the estimates of convergence rate and seismic coupling.

Seismic Coupling (a)

Seismic coupling is the percentage of the total convergence rate that is
expressed seismically. Therefore, if the coupling is very high (a = 1.0),
then all of the ccnvergence rate will be expressed as earthquakes (i.e., the
seismic moment rate from seismicity will be equal to that based on conver-

gence rate). An a = 0 means that convergence is occurring aseismically
(i.e., there is no seismic coupling).

Recurrence Model

The recurrence distribution function is specified in this column. Models
requested by the experts include an exponential magnitude distribution
(i.e., log N = a-bM); a characteristic magnitude distribution (Youngs and
Coppersmith, 1985): and a maximum moment model (Wesnousky, 1983).

Geologic Recurrence for Large Earthquakes

For those cases where geologic¢ data provide a basis for estimating recur-
rence, an estimate of recurrence intervals for large earthquakes is given.
These recurrence intervals were generally judged appropriate for magnitudes

at or near the maximum.
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APPENDIX A

DOCUMENTATION OF EXPERT INTERVIEWS

This appendix provides documentation of the expert interviews, summarized in
Section 3 of the main report. As discussed in detail in Section 2.2.2, the
expert interviews occurred in two parts. Phase 1 consisted of in-person
interviews held at the experts' offices during the summer of 1986. The
Phase II follow-up interviews were givei. by telephone in the fall of 1687,
In the first case, an Information Package was sent to each expert to explain
the objectives of the study and to describe the format. Frior to the follow-
up interviews, materials were sent to each expert that summarized their pre-
vious assessments and summarized the assessments made by all of the experts.
The summaries of their previous assessments included the calculated results
(i.e., maximur magnitude and recurrence relationships) derived from their
assessments.

The documentation for the expert interviews given here include:
e Information Package sent to the experts prior to the Phase I
interviews.

e FPhase I responses of individual experts,

e Informational materials sent tc the experts prior to the Phase II
follow-up interviews. This material includes:

- Example letter

- Attachment 1 - Summary of assessments for each expert including
calculated results

Phase I responses of individual expert
(presented previously)

- Attachment 2

- Attachment 3 - Summary of aggregate expert assessments
- Attachment 4
- Attachment 5

Recent references

L]

Updated seismicity cross-sections
e Phase II responses of individual experts.

The interview summaries included here are based on written notes taken by
members of the elicitation team and are focused on interpretations, uncer-
tainties in each interpretation, and the basis for the responses given. We
are not attempting in these summaries to provide a full "defense" of the
expert opinions given because most responses are based largely on judgement,
We are, however, trying to provide a third party with enough information to
understand the key data and interpretations that are driving the experts'
opinions. Also, documentation is required because the experts relied to
some extent on new unpublished data or work in progress., Note that each
expert reviewed his summary for accuracy and the accepted version is given
here.
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Basic Elcments of a Probabilistic Seismic Hazard Model

The seismic hazard at a site depends on: the location of potential future
earthquakes relative to the site; the rate of occurrence of future eavth-
quakes of various sizes; and the attenuation of ground motions with
distance. A probabilistic model of the seismic hazard requires 1) charac-
terization of potential earthquake sources in terms of their location and
geometry relative to the site; 2) the rate of seismic activity on each
gsource, and the relative frequency of various size events; and 3) charac~
terization of the amplitude of ground motions as a function of
source-to-site distance and earthquake size. The latter of these (ground
motion attenuation) is not the subject of our concern here. ’le are focused
here on the source model (1 and 2 above), whichi defines the location and
occurrence of seicmicity. Further, we are concerned with
subduction-related seismic sources only; shallow crustal faults will be

modeled separately.

Seismic source modeling techniques for hazard analysis have become increas-
ingly sophisticated in recent years. For example, sources ars usually
modeled as three-dimensional surfaces, rupture size is constrained by mag-
nitude, the focal depth distribution (rupture nucleation locations) can be
specified, fault segments can be modeled, and a variety of recurrence
models can be incorporated including renewal or real-time models. In other
words, the hazard analysis is capable of effectively modeling virtually any
type ¢ earthquake behavior that is believed to be appropriate, and that
can be characterized. To account for the uncertainties in the source
models, simple probabilistic techniques such as logic trees have been
developed that allow for a range of parameter values for any particular
characteristic. Each value can be subjectively weighted as to its
credibility or likelihood of being the correct value. Simply put,
probabiiistic approaches do not require that you make a "yes/no" decision;
only that you express your expert opinion and the uncertainties associated

with it. The pcobabilistic methods that we will utilize as part of this

project are discussed jia wmore detail below.
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For this hazard analysis, we are attempting to model any potential seismic
sources that are believed by the experts to be associated with the Cascadia
subduction zone (e.g., plate interface, intra-slab, accreticnary wedge,
etc.), #ny or all of these features may have some probability of being
seismogenic. If there is some finite probability of activity (however
small), then the further characterization of the source (its geometry,
etc.) can be carried out conditional on the source being seismogenic. Of
course, if an element of the subduction zone has no probability of being

seismogenic, further characterization is not required.

Satsop Site Hazard Analys.s

Uncertainties in the seismic hazard of the Cascadia subduction zone stem
from the fact that no earthquakes larger than about magnitude 5 have been
unequivocally associated with the plate interface. No clear definition of
slab geometry can be easily discerned from seismicity data alone (unlike
most other convergent margins). Therefore, several essential hazard source
characteristics cannot be di.ectly assessed, such as: Is subduction
occurring beneath western Washington? What is the geometry of the inter-
face and the slab? If subduction is occurring, what is the degree of
seismic coupling betweeu the plates? Why have there been no observed
interplate events? How is the maximum earthquake to be evaluated? How is
earthquake recurrerce to be evaluated? There are no clear answers to these
questions but various lines of evidence from geologic, seismologic, and
geophysical data can be instrumental in providing constraints that can be
included in :he hazard model. For example, strain rate (usually fault slip
rate) can provide an important constraint on earthouake recurrence (e.g.,
Anderson, 1979; Anderson and Luco, 1983; Youngs and Coppersmith, 1985). To
be useiful, one must assess the component of the slip rate that is potential
seisaic strain energy (i.e., subtract aseismic slip from the total slip).
In order to use the relative slip rate (convergence rate) at a subduction
zone, it 1s necessary to estimate the percent seismic coupling. Several
studies comparing seismic moment rate (from historical seismicity) with

plate convergence rate demonstrate a broad variation in the percent

coupling for worldwide subduction zones. Therefore, if the percent seismic
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coupling can be eclimated for the Cascadia subduction zone, meaningful
constraints may be placed on earthjuake recurrence. As another example,
because this subduction zone is not well expressed from seismicity, we must
rely on other data (e.g., refraction studies, broadband data, etc.) to

estimate the slab geometry.

Prebabilistic Approaches to Eliciting Expert Opinion

Many important decision-making problems involve a considerable degree of
uncertainty and serious risks associated with that uncertainty. Therefore,
it is important to obtain as much information as possible in oarder to
understand and accurately represent the degree of uncertainty concerning
events or variables of interest. Often, problems with serious risks are
characterized by a lack of directly relevant experimental evidence. The
"hard" empirical evidence may be only indirectly relevant (for health
risks, consider experiments with new drugs on animals but not on humans) or
may be too limited (for seismic risks, consider a limited history of reli-
able records of seismic activity). As a result, most of the information
available is subjective in nature, involving the judgments of experts who
presumably will attempt to take into account any "hard" evidence, direct or
indirect, that may be available. This is the situation that we face in the
Satsop Seismic Hazard Analysis.

To understand and accurately represent the degree of uncertainty conceriing
events or variables of interest, we must utilize expert judgments and
express them in a form useful for communicating and measuring unceitainty.
This has been recognized increasingly in recent years and has led to use of
experts' probability assessments as important inputs in decision and risk
analysis probleas. Examples include probability forecasts of rain and
other meteorological events, risk assessments of health effects of specific
air pollutants, and the recent study of seismic hazards in the Eastern

United States by Electric Power Research Institute,

People oftren think in terms of how likely certain events are but generally
do not actually quantify their judgmeats in terms of probabilities. Yet

everyene is exposed to probability statements such as "The probavility of
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rain tomorrow is 30 percent,® *There is a 10 percent chance that the
patient will not survive,® *The odds are 4-to-1 against the horse winning
the race,* "The probability of discoveriny oil if we drill in this location
is 5 percent," or *That team has only one chance in one hundred of winning
the championship.® We are going to ask you to make similar statements
about the features, behavior, and seismogenic potential of the Cascadia
subduction zone. FPFor example, we will be interested in your probability
that the plate interface is seismogenic and your probabilities for
different rates of plate convergence.

It is important to emphasize that no background in probability theory is
nexded, and you will not be asked to perform any fancy manipulation of
probabilities. The problem will be broken down logically into small parts
so that each question is clear, understandable, and easy to think about.

We will use a number of methods to help you translate your judments into
probabilities, Your probabilities will be elicited in an interview
session, and the role of the interviewers/analysts iy to assist you in
thinking about relevant qualitative issues and in representing your know-
ledge in quan:itative terms. The ultimaty (intent is to wind up with a set
of probabilities that accurately reflect your knowledge and uncertainties,
It is also useful to obtain an idea of how confident you feel about these
probabilities. When you give a probability of, say, 30 percent, we will
ask whether you are quite certain about that figurz or whether it repre~-
sents an estimate but you feel that the probability might be lower or
higher (for example, it might be as low as 25 percent or as high as 35
percent; or it might be as low as 15 percent or as high as 40 percent). We
recognize that it is often difficult to come up with just a single number,
and giving a range in addition to the single number provides useful infor-
mation. Finally, it is important for us to understand your reasoning
process and the rationale for the probabilities that are given, Of parti-
cular interest are any underlying assumptions or theories that you are
considering. Thus, the final outcome of the assessment process should be a
set of probabilities, an indication (through ranges of values) of how vadue

or confident you feel about these probabilities, and the qualitative

reasoning behind the probabilities,
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Some people tend to feel more comfortable with what they view as "hard"
data, such as a set of empirical observations, than with experts' judg-
mental probabilities, which are viewed by some as representing “softer"
data. Detailed evaluations, however, have shown that experts' probabili-
ties can De very stable and reliable, Weather forecasters' probability
forecasts provide an example in which the subjective probabilities tend to
do at least as well as, and usually better than, probabilistic weather
forecasts generated from combinations of statistical and physical models.
If the elicitation process is carefully designed, the stability and relia-
bility of the results can be very high. Careful atteantion to all of an
expert's uncertainties is important, just as a full consideration of
possible variability related to different sources of sampling or

experimental error is vital in empirical research.

To help you represent your judgments most effectively and accurately, we
will briefly discuss some factors that you should keep in mind when going
through the probability elicitation task. The following four paragraphs
provide some suggestions along these lines. It is important that you
consider relevant evidence in a systematic and effective manner.

Your probabilities should be based on whatever information is available
about the Cascadia subduction zone and what you know about subduction zones
elsewhere in the world. It is important to try to consider all of the
information and all of the possibilities in terms of features, behavior,
and seismogenic potential associated with the Cascadia subduction zone.
Think about all scenarios that could possibly be consistent with the infor-
mation that is available. Do not just focus on a single, "most likely"
scenario or on a scenario that stands out in your mind for some reason.
Think also of extreme scenarios, even if they are less likely. Consider
information that might be inconsistent with a specific theory as well as
information that m.ght be consistent with the theory. Try to keep an open

mind.
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You should also resist any tendency to place greater weight on pieces of
information seen first or last. Early information can influence the way
you think about a problem and che way you interpret and react to later
information. On the other hand, the most recent information seen is most
accessible in your memory and may have undue influence on your judgments
for that reason. Review all of the available information, again trying to
keep an open mind,

Be sure to keep in mind the uncertainties associated with data and other
information. The reliability and accuracy of information vary consider-
ably, and you should be careful not Lo overestimate reliability or accuracy
and to ignore uncertainties.

Finally, do not confuse value. with judgments. We are interested in your
scientific appraisal of probabilities concerning possible seismic sources
associated with the Cascadia subduction zone. The costs associated with
seismicity in view of the location of the Satsop site are a separate issue.
In giving your probabilities, you should just be considering the likelihood
of certain eventr, not the potential consequences associated with those
events.,

As ncted above, your probabilities will be elici.ed in an interview
session, which will last about one-half day. 7.ie session will begin with a
brief introduction to uncertainty and probabiiity to fam.liarize you with
the basic notions of quantifying judgments in terms of probabilities.
Next, we will discuss the Cascadia subduction zone, reviewing available
evidence and obtaining some of your qualitative judgments councerning the
features, behavior, and seismogenic potential of the Cascadia subduction
zone. Then we will ask you to quantify your judgments and to provide
certain probabilities in a systematic manner. The interviewers/analysts
will assist you in this process of assessing probabilities. As the
interview proceeds, you may think of aspects of the problem you had not
recalled earlier. At any point, you can reconsider and change earlier

probabilities, After the probability assessmeat process is completed, we




==

will review both the qualitative judgments and the quantitative probabili-
ties., After the interview, we will prepare a summary of the information
obtained and send it to you so that you can see¢ if it accurately veflects
your judgments. At that time, you can ma.: any modifications that seem
appropriate. As we have mentioned, the ultimate intent is to wind up with
a set of probabilities, together with an indication of the degree of
confidence in the probabilities and a qualitative discussion of relevant
factors, to accurately reflect your knowledge and uncertainties. In
documenting our study, interpretations from all the experts will be
aggregated for the analysis and particular iaterpretations will not be
attributed to individual experts.

Some Likely Questions

The following is a list of some likely questions to give you a feel for “he
type of information that we will ask about during the interview,

1. What does the geometry of the plate margin beneath Western
Washington look like? We will give you a graph and ask you to
sketch possible models for this geometry. Then we would like you
to assign probabilities to these models.

Consider the rate of plate convergence normal (o the North
American/Juan de Fuca plate boundary. What is the ptobabxlxty that
this rate of convergence is less than 10 mm/year? What is the
probability that it is between 10 and 20 mm/yr? Between 20 and 30
mn/yr? Between 30 and 40 mm/yr? Between 40 and 50 mm/yr? Greater
than 50 mm/yr?

What are the possible seismic sources associated with subduction?

For the Cascadia subduction zone, what is the probability that
each possible seismic source is seimogenic (active)?

If the plate interface has some probability of being seismogenic,
what are the updip and downdip constraints (minimum and waximum
depths) on the secismically coupled part of the interface? We will
ask for values and probabilities regarding the updip and downdip
constraints,

What is the probability that the plate boundary is laterally seg-
meated? 1f it is segmented, whete do you think the segment
boundaries are? What is the probability that fault rupture will
start/stop at these segment boundaries?
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7. What is the longest rupture that may occur along the plate
interface? We will ask about the probabilities of ruptures of
various lengths,

8. If the plate interface has some chance of being a capable seismic
source, what is your best estimate of the perceat seismic coupling
between the plates? (Seismic coupling is defined here as the
percent of the convergence rate that is released as seismic energy;
coupliag may be a function of the historical observations or of an
assumed model). What is the probability of less than 10 percent
seismic coupling? What is the probability of between 10 and 30
perceat seismic ce..ling? Between 30 and 50 percent? Greater than
50 parceant?

9. Do you have direct estimate of earthquake recurreance for the plate
interface? If sc, express this as a recurrence interval for
particular magnitude events or as a recurrence relationship of the
form log N = a ~ bm.

10. We will ask questions like those in 5, 6, 7, and 9 with reference
to intraplate seismicity, accretionary prism seismicity, and any
other possible seismic sources.

These questions are just intended to give you some idea of the type of
information that is of interest. During the interview session, terms will

be defined precisely and clarification will be provided as needed.
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PHASE I RESPONSES OF INDIVIDUAL EXPERTS



PHASE 1
RESPONSES BY EXPERT #1

Geometry

Credibilities associated with geometries sketched on cross-section
provided:

10° dip with double bend 0.20
15° dip 0.50
25° 0.30

The basis for these are:

e The refraction data of Taber are good near the hinge area; his 10°
dip t of the hinge is constrained by only two stations and a dip
of 15 appears to be reasonable using his data.

e The deep seismicity does not define a dip of more than a couple
degrees; the T-axes of focal mechanisms are not as systematically
oriented as suggested by Taber and Smith.

e The 25° dip is consistent with depth of high velocity layer of

Langston from the Longmire station and the proper depths for magma
generation.

e The Pn data suggest that the 6 - 7.8 km/sec transition has
essentially no dip and the 8.1 km/sec velocity is not see,
although it is well-determined to the west offshore.

o The velgcity inversion of broad bgnd data suggest dips of greater
than 107 and most likely about 15°.

e Recent wirk by Canadian investigators suggest 15° dip.
Convergence Rate

30 mm/yr normal convergence (+10 mm/yr) based on analyses by Riddihough and
Nishimura et al. These studies show that the rate has been decreasing over
the past several years.

Seismic Sources and Activity

Potential seismic sources are:
Intra-slab
Interface

o ol

"deep events' above Juan de Fuca plate for 15 and 25° dip models
P p P

(remnant plzate?)

BEOMATRIX
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Probability that the intra-slab source is seismogenic:

Given a dip of 10°: 1.0 based on occurrence of 1965, 1949 events
Given a dip of 15° - 25°: 1.0 for deep zone (which may be remnant
slab); 0.10 - 0.15 for deep slab because of
lack of current seismicity down to
magnitude 2

Probability that the interface is seismogenic:
40% (ranging from 25% to less than 50%) based on:

e Complete absence cf thrust earthquakes that would be associated
with stress buildup on the interface

e The unusual nature of the margin relative to other margins globally

e Adams turbidite data suggest possibility of large earthquakes, as
perhaps will Brian Atwater subsidence data

e Jim Savage most recent strain data does not see strain accumulation
across Puget Basin, but may be shear strain accumulation across
Strait of Juan de Fuca

Location of Rupture

Intra-saab source:
107 dip model:
Eastern limit at about 122° because of age, depth, and temperature
of plate

Western limit for most of seismicity at about 124° based on
observed drop-off of seismicity and the effect of the accretionary
wedge although could have mag 4 to 5 events all the way to the
ridge

95% of the seismicity would be expected between 122° and 124°
15° - 25° models:
Expect the seismicity to be above about 50 km but have little basis

for estimating

The remnant slab source would not expect it to be restricted in
lateral extent to the Puget Sound region

For all models, the observed seismicity provides a reasonable basis
for the relative frequency of earthquake occurrence along strike
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Interface source:

Downdip extent should be at about 40 to 50 km depth based on pressure
and temperature

Updip extent to within about 50 km of the slab hinge point (toe of the

continental slope at 125° ); above this would be in weaker materials of
the accretionary wedge

Along-strike representation of the interface is poorly constrained.

e Michaelson and Weaver inversion is subject to considerable
uncertainties, no alternative models were tested

e 207 likelihood that the M & W boundary segments the interface
e The ends ' . the Juan de Fuca plate (Nootka fault zone and Blanco

fracture -.one) should be segment boundaries.

Maximum Earthquake Magnitude

Intra-slab source (10° dip) or remnant slab source (15° - 25° dips):

7.25 (#0.25 with 7.25 slightly preferred) based on largest historical
events and constraints from thickness of brittle slab

Intra-slab source (15° - 20° dips)
5 - 6 based on observed events offshore

Interface:

Maximum dimensions (given above) provide reasonable maximum magnitude
constraint

Ruff and Kanamori relationship is not very applicable to the Juan de
Fuca plate because off edge of distribution

Seismic Coupling and Earthquake Recurrence

Uncertainty is seismic coupling represented by a bimodal distribution;
which says that the interface is either nearly entirely aseismic or is
nearly completely locked.

The probability mass near a = 0 and a = 1 ranges from C.5 - 0.5 to
0.66 - 0.33, respectively.

The basis for this assessment is the following:
e If the coupling were a = 0.5, one would expect to see small to

moderate magnitude thrust earthquakes in the region surrounding the
imminent rupture; no such events have been observed,
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¢ There appears to be no known analog subduction zone that is
completely locked; this would imply a maximum moment recurrence

model (i.e., essentially no other events besides the largest
magnitudes)

o The strain data will be very important to assessing whether a very
low a (aseismic slip) is occurring; at present, uniform strain
accumulation does not appear to be occurring.

Paleoseismic indicators (e.g., turbedites, Atwater subsidence data) suggest
longer recurrence intervals (500 - 1,000 yr); due to present uncertainties,
these data should only be used as a basis for comparison.

For intraplate and remnant slab sources, use historical seismicity for
recurrence estimatiorn.
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RESPONSES FROM EXPERT #2

Geometry

Basis for geometry sketched on cross-section provided:

. Refracgion results by McClain beneath the continental slope show a
5 - 10" dip to the slab

e Seismicity data constrain the slab location beneath Puget Sound
® A steepening beneath Puget Sound (as suggested by Michaelson and
Weaver, 1986) gets the slab to proper depths for magma generation
baneath the Cascade. This also agrees with work by Langston.
Note that the boundary sketched is the oceanic crust/mantle boundary
(oceanic Moho) with the top of plate located as indicated.

Convergence Rate
A distribution of values is provided:

15 mm/yr 10%
20 - 25 mm/yr 80%
30 mm/yr 10%

{Note that these are orthogonal rates of convergence.)
Based on estimates made by Duncan and Verplanek, Riddihough, Engebretson,
and Jurdy.

Seismic Sources and Activity

Potential seismic sources are:

Intra-slab
Interface

Probability that the intra-slab source is seismogenic:

60-70% based on occurrence of historical seismicity and ...~ertainty in
location of 1949 and 1965 earthquakes

Probability that the interface is seismogenic:

80Z (+5%, -10%Z) based on:

¢ McClain's refraction results show 4 - 4.5 cm/sec crust against the
oceanic crust.
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e The isotherms and heat flow suggest that well-cemented dewatered
rocks should be present.

¢ Low-grade metamorphism and reduction would be expected (based on
McClain's work).

Location of Rupture

Intra-slab source:

The upper 10-15 km of oceanic crust is expected to be the brittle
(seismogenic) part of the slab.

The updip extent should be at about 123 longitude (near the bend in
the plate).

The downdip extent is uncertain; but 80-90% of the large earthquakes
would be expected near the deeper bend in the plate.

Interface:

The updip extent of rupture lies approximately beneath the coastline
based on:

e This is western extent of Oligocene-Miocene volcanic rocks.
Interface between Eocene volcanics and sedimentary
Oligocene-Miocene accretionary wedge.

e The subducted sediments have undergone low-grade metamorphism and

have had the fluids squeezed out, low porosity, and zero
permeability.

The downdip extent of rupture cannot be assessed with confidence.

Along-strike segmentation of the interface is difficult because
morphologic evidence would be obscured by the thick sediments and no
deep reflection lines have been run parallel to the margin to look for

sub-sediment morphologic charges. Between 46° and 47° lat. lies a

free-air and Brugher gravity low that may represent a segment

(following ' model of Kelleher et al.). Confidence level in this
segment is 407 (+10%Z, -30%).

Earthquake Recurrence

307 coafidence is given to the Adams turbidite interpretation because:

¢ The cause of the turbidites could be sediment loading at the slop,
storm activity, or seismic triggering

GEOMATRIX
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e Recurrence intervals of hundreds of years seems reasonable for this
margin due to sediment loading because the shelf is over 3. km
wide.

e More work is needed to verify that the thickness of the hemipelagic

clays is consistent among turbidites to verify that recurrence
intervals are regular.
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PHASE I GEOMATRIX
RESPONSES BY LXPERT §#3

Geometry

Basis for the geometry sketched on cross-section attached:

e PFocal mechanisms of the deeper seismicity, including the 1965 event, are
normal suggesting they lie within the slab.

e Langston's analysis of converted phases above the 1965 events shows a
low velocity zone that is inferred to be a layer of subducted sediments.

@ No opinion is given regarding the location of the slab beneath the
Cascades.

convergence Rates

40 mm/yr (+19 mm/yr) based on the analyses of Nishimura et al. This rate
appears to be compatible with rates on major structures to the north and south
such as the Queen Charlotte fault and the San Andreas fault., The 40 mm/yr is
based on an average rate over 700,000 yr. No data exists to determine shor'.er-
term rates. Shortening rates given by Adams (25 mm/yr) are probably not crue

crustal shortening rates or would expect to see large mountain ranges like the
Transverse Ranges.

Seismic Sources and Activity

Potential seismic sources are the following:
e Intra-slab source
e Plate interface

e Faults in accretionary wedge (analogy is made to seismogenic faults in
the wedge such as that giving rise to the 1945 Mikawa earthquake, which
experienced surface rupture. It is assumed that this type of source
will be modelled by the known crustal faults in the site area and/or by
a random crustal source).

Probability that the potential sources are seismogenic:

Intra-slab: 1.0 based on the historical occurrence of the 1965 and 1949
events, which are inferred to be intra-sla® events.

Interface: 0.6 based on the following:

. If the interface were creeping, one would expect to see
more small magnitude (M { 6) thrust events,

. It would be unusual on a global basis for the margin to be
completely quiet seismically, especially along its entire
length.
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e Global comparisons of plate age, convergence rate, etc.,
suggest that the Cascadia zone should be seismogenic.

e The probability may be as high as 80% if geologic evidence for
i1arge events is further ' ipported; or it may be less than 50%
if other analogous margins can be shown to be aseismic.

Locations of Rupture

Intra-slao:

Interface:

(Distribution for likelihood of earthquake occurrence shown on
cross-section.) Two most likely locations are the outer rise and
where they have occurred historically. Although very few outer
rise events have occurred historically, they would be expected by
analogy to other margins. In map view, the relative likelihood of
intra-slab earthquake occurrence can be modelled either by the
pattern of observed seismicity or by an assumption of a uniform
distribution. Both of these models are given an equal weight of
50%.

(Distribution for likelihood of earthquake occurrence shown on
cross-section.) Basis for this distribution is global analogies to
where seismic radiation typically occurs. In map view, the Blanco
fracture zone and the Nootka fault zone, vhich mark the ends of
the Juan de Fuca plate probably serve as segment boundaries. No
strong evidence exists for segmentation within the plate, although
it is possible for the interface to rupture along a length that is
shorter than the entire 700 km-long margin.

Maximum Earthquake Magnitudes

intra-slab:

Interface:

7-1/2 in the deeper part of the slab.
8 in the shallow part; based on global analogy (Sumba, Rat Island)

9 (+#1/2) based primarily on maximum rupture dimensions and analogy
to the 1960 Chile earthquake.

Recurrence~Related Parameters

Intra-slabp:

Interface:

The historical seismicity provides a reasonable basis for
estimating recurrence.

Recurrence intervals may range from 200 to 20,000 yrs with a preferred
value of about 400 yr based on:

® Recurrence from offshore turbidites appears to be about 400 -

500 yr.
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e Preliminacy evidence for subsidence by Atwater suggests recur-
rence intervals longer than 1,000 yr, as do recurrence data in
Alaska.

e Historical data suggest that at least 150 yr and probably 200 yr 1
have elapsed since the last major earthquake.

A characteristic earthquake recurrence model is considered to be appropriate to ‘
explain the absence of moderate size events. The range of the characteristic
magnitude should be 8 - 9,

Seismic coupling (see distribution) is given an expected value of 0.66 based on
global analogies and Kanamori's age vs. coupling relationship. The value is
less than 1.0 because post-seismic creep probably accommodates a considerable
amount cf total convergence. Earthquake recurrence on the interface should be
based primarily on the recurrence interval date (given above) and the seismic
coupling estimate used as a secondary check on these estimates.
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GEOMATRIX
PHASE 1

RESPONSES BY EXPERT f#4

Geometry
Basis for geometry sketched on cross-section provided:
e Should be 100-125 km beneath volcanics based on global analogs

e Shallow dip is consistent with young hot plate and slow convergence
e The refraction data by Taber offshore are good
[Note that we have reinterpreted your drawing to reflect the fact that the

Taber (1983) line represents the top of oceanic Moho, not top of the
oceanic plate (see attached).)

Convergence Rate

A distribution of rates was given:

1 em/yr 0.05
2 cm/yr 0.50
3 em/yr 0.40
4 cm/yr 0.05

The basis for this estimate is:

Comparison with other margins
Presence of the volcanic arc
Preser 2 and number of earthquakes
Global plate reconstructions

It is noted that uncertainties in these rates may result from the breaking
up of the Juan de Fuca plate.

Seismic Sources and Activity

Two potential seismic sources are identified:
e plate interface
e intra-slab
Probability that the intra-slab source is seismogenic:

1.0 based on historical occurrence of 1965 and 1949 events, whizh are
inferred to be intraplate events
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Probability that the interface source is seismogenic:

0.75 (#0.25) based on the evidence that the rocks are being stressed

near the interface, as witnessed by the small-magnitude
intra-slab events

(Note that "seismogenic" here is intarpreted to be applicable down to
magnitudes as small as M3).

Location of Rupture

Intra-slab source:

Seismicity within the sl2b would be expected to occur within the upper
20 km; 907 within 5-15 km. The upper 5 km is probably weaker and
unable to support large earthquakes, but could be the location of
aftershocks. The wezukness is probably due to the intermixing of
sediments with basaits in the upper part of the slab.

Along strike, a aighe:' concentration of seismicity might be expected

where they have. occurred historically (low confidence in this
assessment).

Interface:

The downdip extent would be at about 40 km based on:

e Globally, maximum depths are typically about 60 km, but because

this is a young plate and has a slow convergence rate, a shallower
depth is expected

e The presence of intra-slab events at depths of 40 km suggests that
the rocks can support earthquakes at these depths

The updip extent lies at about 20 km depth based on:

e Analogies to other subduction zones

¢ This lies at about the eastern edge of the accretionary prism
Along strike, the boundary with the Explorer Plate (Nootka fault zone) and

the Gorda Plate (Blanco fracture zone) should be barriers to interface
rupture with a confidence level of 50% (445%).

Maximum Farthquake Magnitude

Intra-slab source:

Uniform distribution between magnitude 7 - 7-1/2.
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Interface:
3 30%
4 30%
S 30%
6 9%
7 1%

Seismic Coupling and Recurrence

Intra-slab source:

Use of historical seismicity to define recurrence seems to be
reasonable (ilow confidence in this assessment).

Interface:
a = 0.05 (+0.15, -0.05) with 80% weight at 0.05.

based on global analysis to other subduction zones such as Parbados
and southernmost Chile.
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PHASY GEOMATRIX

RASPONSES BY EXPERT #5

Geometry

The following weights are given to the geometries sketched on the
cross-sections provided:

Model A (gradually increasing slab dip): 75 - 80% (+ .1 - .15)
Model B (shallow dip): 20 - 25% (+ .1 - .15)
based on:

e To reach magma generation depths, need to be at abou 100 km beneath
Mt. Ranier

e The hypocenters for the deeper seismicity do not define a dip
e Taber's refraction data allow slab dips above 11°

e Waveform modeling by Owens suggests dips of about 15 - 20° are likely
at about 123.5°

e Model A is consistent with Michaelson and Weave.'s 45° dips to east
and with appropriate magma depths

Convergence Rate
40 (+0, -15) mm/yr based on:

e Riddihough analyses of plate reconstructions

e The internal deformation accurring in the Zxplorer and Corda plates
suggeats that the Juan de Puca plate is changing chararter from an
actively subducting plaie to one that is passive and lLess rigid.

e The convergence rates lack resolution and are averaged over the past
miilion years; a ducrease in convergence rate has been noted.
Therefore, the average rate over this period should represent the
maximum rate,

Seismic Sources and Activity

Potential seismic sources are the following:
e Intra-slab

@ Plate interface
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Probability that the sources are seismogenic:

Intra-slab: 1.0 based on the historical occurence of the 1949 and 1965

earthquakes which can be attributed to the slab

Interface: 0.5 + 0.5 based on:

e Heaton and Hartzell make a good case for the possiblity of
large earthquake occurrence

e Convergence is taking place but there have been no
historical thrust earthquakes

e It is rare to nave an aseismic young plate

e All of the evidence is circumstantial rather than defini-
tive; therefore, a large uncertainty is assigned

e Juan de Fuca tending toward behavior similar to Explorer
and Gorda plates

Location of Rupture

Intra-slab:

Interface:

in cross-section, the upper 6 - 8 km of the slab is expected to
be seismogenic. Downdip seismicity is not expected east ur Mt.
Ranier. The updip extent is essentially at the coastline based on
the seismi ity data and the youthfulness of the slab. In map
view, the historical seismicity record can provide a basis for the
relative frequency of earthquake occurrence; with the slab corner
model of Rogers, a possible explanation for the localization of
Puget Sound seismicity.

Tae downdip «xtent of the seismogenic interface should pe at about
123.5° wheze the continental Moho lies against the interface.
Updip, the interface should extend to the eastern boundary of the
accretionary prism essentially at the coastline. Along strike,
the boundaries with the Explorer and Gorda plates should be
seyment boundaries based on the different behavior of these other
plates. Segmentation within the Juan de Fuca plate cannot be
assessed with any confidence.

Maxirum Magnitudes and Earthquake Recurrence

Intra-slab:

The historical record and analogies to iantra-slab earthquakes
globally suggest that M7 is a reasonable maxinum magnitude. The
historical seismicity record provides a reasonabie basis for
assessing earthquake recurrence on this source,.



Interface:
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The characteristic. of the Juan de Fuca plate suggest that it is
unlikely that it would behave coherently in a single earthquake
rupture, but a maximum magnitude estimate can not be made with any

confidence. Recurrence on the interface cannot be made with any
confidence.



W E

127° 126° 125° 124° 123° 122* 121 120° 19°
1 T g | T T Y T
Q 100 km - e
: ‘ 3 ! 3.1°%
HORIZONTAL SCALE > ~ 2 e 8 "’
x10 VERTICAL EXAG. ol i T gag : 3
z 5 8 o« X
Wi © . .-:s =
z4 £ ¥, 3 T
2 § ~OLvencs Hl | cascaoes
Zv
L2 km S 8 |
B i e . i | PUGET BASIN
L2 A CASCADIA BASIN P EE
1 1 1 1 1 1 1 1

Al
A y VAL LT and Sl o 120°

127° 126* 121 119*
T 1 T 9 |
Taber 1983
50 km - -
\‘."J*f(‘« Fo o RL
- 100 km -
0 100 km Oev: CrasieMNoss gauels
e SCALE 9
NO VERTICAL EXAG.
1 { 1 1 1 1 1 1

EXPERT #5




RESPONSES BY EXPERT §6

Geometry
Basis for geometry sketched on cross-section provided:
e Taber's refraction data in the offshore region are good

e The slab should be about 100 km beneath Mt. Ranier to reach proper
magmatic depths

e Seismicity data show down-dip tensional mechanisms, which is typical of
intra-slab seismicity. The plunge of the t-axis of the 1965 earthquake
is from teleseismic data and, therefore, not as affected by local
structure as the mechanisms from the local network data.

The relative weight given to the geometry models shown are:
Model A 70% + .05 based on T-axis of focal teleseismic data

Model B 308 + .05 based on seismicity distribution

Convergence Rates

Minimum convergence rate is 13 mm/yr, which is Savage's compression rate based
on geodetic data. This value is given a weight of 0.1. 40 mm/yr is given a
weight of 75% based on global reconstructions. It is unlikely that rates are
higher than this because there are no large forces (slab pull), the ridge has
recently realigned, and the pole shifts show that the rate is slowing down.

Following distribution given:

Rate Probability
10 - 20 mm/yr 0.04
20 ~ 30 mm/yr 0.04
30 - 40 mm/yr 0.4
40 - 43 mm/yr 0.1
43 - 50 mm/yr 0.4
£0 - S0 mm/yr 0.02

Seismic Sources and Activity

Potential seismic sources are the following:
e Intra-slab source
e Plate interface

e Upper plate above Blanco fracture zone (because of distarce to site,
this source is not considered further)
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Probability that these potential sources are seismogenic:

Intra-slab: 100% based on historical seismicity data

Interface: 65% (+15%) based on the young age of the slab as compared to other
subduction zon2s, the convergence rate is slowing down meaning

that it is being resisted, and resistance is giving rise to a
rotation of the ridge and change in pole location.

Location of Rupture

Intra-slab: EBarthquakes should be confined to the upper 10-15 km of the slab.
In cross-section, they may occur 75 km (425 km) west of the free-
air low (trench) down to a maximum depth of 75 km. 75% (415%) of
the M>6 earthquakes would be expected in the bend region and where
they have been observed historically. The relative rate should
decrease to the west by the square root of the distance.

Interface: The downdip extent of the seismogenic interface should be about
45 km (45 km) depth. Updip extent is at a deptn of about 20 km,
which is essentially the end of the crust in the overlying plate.
Hypocenters for earthquakes below M7 may occur randonly over the
interface, but above M7 they are expected to nucleate toward the
base of the interface.

Along strike, segment boundaries to interface rupture and their credibilitie.
are the following: Blanco fracture zone (50% + 25%), Savanco fracture zone (no
probability given), major change in the free-air gravity at 46° (25% + 25%).
The probability of a rupture breaking more than a single segment boundary is
low (10%).

Maximum Earthgquake Magnitudes

Intra-slab: Uniform distribution between 6-3/4 and 7-1/4 based on historical
record.

Interface: Use rupture dimensions given.

Recurrence-Related Parameters

Coupling: a = 0.6 + 0.15 (uniform) based on dip angle (low dip = high a ),
young age, and rate of convergence.

Interface recurrence: should weigh equally estimates based on moment rate
with Adam's paleoseismic estimates

Intra-slab recurrence: use historical seismicity
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Note:; Cross-section redrawn to reflect that the offshore line labeled
Tabor 1983 is the crust-Moho boundary, not the top of slab.



PHASE 1 GEOMATRIX

RESPONSES BY EXPERT §7

Geometry

Basis for geometry sketched in cross-section provided:

e Refraction data in the offshore, gravity data, and depths requicred for
magma generation suggest the general geometry given.

® ‘“Knee-bend" beneath Puget Sound may be due to phas¢ changes in the
slab, changes in the absolute velocities of the slab, or the bulldozer
effect as the slab goes under continental crust. Knee-bends are
relatively common in downgoing slabs.

e EMSLAB data beneath Vancouver T-land also support this model

Convergence Rate

42 mm/yr (+ 10 mm/yr) as published by Riddihough (JGR, 1984). The rate between
the Juan de Puca and Pacific plates is very well known, but because the
Pacific-North America rate is uncertain, so is the Juan de Fuca-North America

rate, Bear in mind that these convergence rates are averaged over geologic
time periods and that the instantaneous rate is not known.

Potential Seismic Sources and Activity

Intra-slab source

Plate interface

Probability that potential sources are seismogenic:
Intra-slab: (no estimate given)

Interface: 0.3 (+0.2) (see discussion under Recurrence-Related
Parameters for basis)

Locations of Rupture

Intra-slab: Seismogenic part of slab should be upper 20 km based on age
of the plate. The locations of earthquakes within the slab
should approximate the distribution observed from historic
seismicity data. The observed concentration beneath the
Puget trough region may be due to 1) phase changes brought
about because the slab is going into the mantle faster to
the north, or 2) a "corner® in the slab that is accommodated
by phase changes into the slab.
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Interface: (low confidence in this assessment). One would expect the contact
zone to be to the west of the Coast Ranges and to be very narrow
due to the underplating occurring along the margin. The true
amount of compression occurring along the margin is a function of
the position of the first slab bend, the trench roll-back
velocity, and the absolute velocity of the upper plate. Along
strike, the Nootka fault zone and the Blanco fracture zone are
likely segment boundaries. Tears or other segment boundaries that
could relate to plate interaction are not evident in the Juan de
Fuca plate.

Magimum Earthquake Magnitudes

Intra~-slab: no estimate given.

Interface: (low confidence in this assessment). A rupture of the entire
plate (Nootka to Blanco fracture zone) seems to be the maximum

rupture possible but have little basis for suggesting this is the
case,

Barthquake Recurrence-Related Parameters

Intra-slab: Historical seismicity provides a reasonable basis for estimating
intra-slab recurrence.

Interface: The behavior of the Cascadia subduction zone suggests that the
interface is totally locked (& = 1,0) or tctally lubricated
(a = 0), but not in between. The relative weight given to these
models are the following:

0 0.7 (
0.3 (

0.2)
1.0 0.2)

|+ |+

Prefererce for the aseismic condition is based on the lack of historical thrust
earthquakes, the steady uplift observed from the leveling data, and the good
evidence for extensive sediment subduction and underplating seen in the

vancouver Island geophysical work. No independent estimates of recurrence are
given.
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PHASE 1 GEOMATRIX

RESPONSES BY EXPERT §8

Geometry
Basis for geometry sketched on cross-section provided

e Slab geometries determined from seismic refraction, seismic
reflection, seismicity, and other data.

e The same general model for slab beneath Vancouver I. should apply
to Washington because have same age of plate, sediment supply, etc.

e Velocity models used for earthquake locations in southwest Canada
are basad on new refraction results (1983 on).

Convergence Rate

40 mm/yr (+ 10-15%) based on the Riddihough analysis. Note that he finds a
decrease in rate through the last several million years. His results are
probably best for the more northerly parts of the Juan De Fuca plate, which
is most appropriate for the present study.

Seismic Sources and Activity

Potential seismic sources are identified:
Intra-slab source
Plate interface

Probability that the potential sources are seismogenic:
Intra-slab: 1.0 based on historic seismicity

Interface: range of 0.25 to 0.75 with preference for 0.4 to 0.5 on
the following basis: The probability should be greater
that 0 because we see evidence of a sole thrust in the
refraction and reflection data. The *E*, zone seen in the
Lithoprobe results, appears to act as a zone of decoup-
ling, which is highly affected by {luids and sediments,
The latest results show that the top of the slab is below
the E zone by 1 to 1.5 sec and is, therefore, separated
from the E zone. The relationship between E zone and
current subducting plate is not totally clear.
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Location of Rupture

Intra-slab: Barthquakes would be expected in the upper 8-10 Km of the
slab. In cross-section, the eastern extent should be at about 70 Km
depth based on the seismicity data, heat flow data, and magnetotel-
laric data. To west, intra-slab earthquakes may occur to the toe of
the slope (125° west) where the slab first bends. In map view, the
relative frequency of earthquake occurrence should approximate that
observed historically (i.e. higher concentration in Puget Sound
region) due to a probable corner of the plate in this area.

Interface: Seismogenic part of the interface should be limited updip at
about 124.5°-125° where the high velocity unit (above E;) pinches
out. Downdip the interface should extend to about 123° where conti-
nental mantle would come in contact with the slab. Along strike, the
Nootka fault zone would be expected to act as a segment boundary since
reflection and refraction data show that it is a major boundary and
crustal earthquakes are associated with the fault zone.

Maximum Barthquake Magnitudes (low confidence in this assessment)
Intra-slab: no estimate, but note that it is a young plate with
critical geotherm (500°C) limiting vertical rupture dimension to
< 8 km,

Interface: Reasonable to use maximum rupture dimensions.

Recurrence Related Parameters

Intra-slab: No estimate.

Interface: Seismic coupling estimated at 25% (range 20% - 50% based
on evidence for imbricated deformation. Und:rplating or
subcretion is taking place including sediments and perhaps some
of the oceanic plate. As a result of imbrication, the thickness
of the sediments actually increases down the interface. This
type of deformation is expected to give rise to aseismic behavior
or only small earthquakes.
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PHASE 1 GEOMATRIX
RESPONSES BY EXPERT §#9

Geometry

Basis for the geometry sketched on the cross-section provided:
e The hypocentral locations and focal mechanisms of the deeper seismicity
beneath the Puget Sound region suggest that these events are occurring
within the upper part of the downgoing slab

e The depths required for magma generation provide a suggestion of
bending of the slab

® The cut-off of seismicity downdip in the slab is due to a change in the
physical properties of the slab

Convergence Rate

42 + 10 mm/yr based on studies by Riddihough. This rate is consistent with
shortening rates of 25 mm/yr based on onshore and offshore deformation analyses
by Adams.

Seismic Sources and Activity

Potential seismic sources are the following:
e Intra-slab source(S) A,B.
e Plate interface

e Deep intra-slab source *C* (not considered further because probable
lack of significance to hazard at site)

e Strike-slip faults within upper plate (such as the St. Helens zone)
east of 123°

e Accretionary wedge faults (a generic fault(s) west of 123°)
® Tears in the down-going slab

Probability that these potential sources are seismogenic:
Intra-slab A 0.9

Intra-slab B 1.0

Intra~slab: 10% in deeper portion below 600° geotherm (east of about
121-122°) *C*.

L he



Intecrface:

Tears:

The following distribution is specified:

p_(seis nic relative weight
90 - 100% 0.75
80 -~ 90% 0.24
0 0.01

This distribution is for the probability of generating large
earthquakes (M > 8) and is based on worldwide analogies suggesting
that it would be unusual for this margin to be aseismic, the
turbidites offshore suggest possible large earthquakes, the stress
provinces suggest a large locked area, onshore deformation
confirms active convergence, and terrace, tilt and geodetic data.

if the slab is segmented by tear faults, 100% likely they would be
seismogenic above 600° geotherm.

Accretionary wedge faults: 100% that a fault in this region is seismogenic

based on the M 5.3 1904 earthquake

Strike-slip zone(s): 100% that a fault of this type is seismogenic based on

the 1946 vancouver Island event, which had a strike-
slip mechanism. These zones may be the result of the
obliqueness of the convergence vector.

Locations of Rupture

Intra-slab:

Interface:

the seismogenic part of the slab should be the upper 10 km. The
pattern of historical seismicity provides a reasonable basis for
estimating the relative frequency of earthquake occurrence along
strike and downdip.

two models of the location of the seismogenic interface in
cross~-section

124.7° - 122.7° 80% likelihood
124.7° - 122° 20% likelihood

pPreference is given to the firsi model because 122.7° is the
margin between the Puget Basin and the Olympics as well as close
to the Weaver and Smith stress boundary. In map view, the

in’ erface may te segmented at the Blanco fracture zone and the
Nootka fault zone (80% likelihood). Additional possible segment
at the Michaelson and Weaver segment boundary; which 1s also near
a change in observed crustal stress (20%; +30%, -20% likelihood).
The margin is narrower in southern Oregon.
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Accretionary wedge faults: seismogenic faults should lie between about 123°
and 124.5° above the interface., To the west of
124.5° deformation accurs aseismically in soft
sediments, Analysis by Adams suggest that the
rate of deformation decreases to the east within
the accretionary wedge,

Tears in slab: most likely location wwould be northern Oregon (see segmentation
of intertace dicussion above).

Strike slip faults: between the western edge of the kuget Trough to the cen-

tral Cascades; at the eastern boundary of the stress
province of Weaver and Smith.

Maximum Earthquake Magnitude

Intra-slab (shallow part, "A"): the following distribution is given:

6.5 0.1
7.0 0.25
7.5 0.55
8.0 0.1

based on worldwide analogies and the age of the oceanic crust.

Intra-slab (deep part, *B"):

7.0 0.1
7.5 0.8
8.0 0.1

based on the historical seismicity record and the thickness of the
brittle part of the slab (10 km).

Interface: Use the rupture lengths developed earlier to assess Mmax. Favor
large rupture based on turbidite data, locked zone from focal
mechanisms,

Accret onary wedge: Use the following distribution

7.5 .8
8.0 e

L™

0
0

based on dimensional arguments,

Strike-slip faults: ~ 7-1/2 based on Weave: and Smith's assessment for the St,
Helens zone.
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Barthquake Recurrence-Related Parameters

Intra-slab “A*: use worldwide dat to determine seismicity of this age ocean
floor.

Intra-slab *B": Use historical seismicity data to constrain recurrence for
intra-slab sources.

Interface: Primary basis for recurrence on the interface is the 430 yr (+25%)
recurrence interval derived from the turbidite data. Seismic

coupling may serve as a basis for comparison and should have the
following distribution:

5%

Lﬁ l///,//h\\\\\<5i\\1 95%
L 1 |
0 0.5 0.7 1.0

- Coupling is believed to be high based on the evidence for
deformation in the overlying plate in the onshore and
offshore; and the tide gauge and terrace deformation suggest
that their zero isobases have the same positioned relation as
at the Shikoku I, Japan.

Tears: Should already be included by intra-slab seismicity.
Accretionary wedge: Use historical seismicity data for recurrence.
Strike slip faults: Use Weaver and Smith's earthquakes for the St. Helens zone

and compare the total rate for the strike slip region with
this rate.
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PHASE I =

RESPONSES RY EXPERT $10

Geometry
Basis for geometry sketched on cross-section provided:

e Focal mechanisms for the 1949 and 1965 earthquakes, as well as those for
the smaller magnitude events are primarily extensional, thus they likely
lie within the upper part of the subducting slab.

e lucreasing dip to the east is required to attain magmatic generation
depths and is in agreement with the T-axis of the 1965 earthquake.

e T-axes for the smaller magnitude seismicity are not very well-resolved
from the available data. They do not have to coincide with slab dip as
they are likely controlled by local structure.

e Waveform modeling studies, such as those by Crosson and Owens, that
suggest steeper slab dips are tentative at the present time.

Convergence Rates

35 - 50 mm/yr (+#19 mm/yr) based on global studies such as that by Nishimira et
al. Uncertainty is 95% confidence level of Nishimira. Note that these rates are
averaged over the pact 1 my and any more recent changes in rate can not be
determined from available data. Offshore and onshore deformation rates are
somewhat lower than 35 - 50 mm/yr.

Seismic Sources and Activity

Potential seismic sources are the following:

e Intra-slab source

e Plate interface

e Accrationary wedge: (Example of this type of source is the 1945 Mikawa
earthquake, which was accompanied by surface rupture
and to nave recurrence intervals of about 10,000
years., It is assumed that this type of source will
be modeled by the known crustal faults in the site
region and/cr as a random crustal source.)

Probability that the potential sources are seismogenic:

intra-slab: 1.0 based on the occurrence of the 196% and 1949 events which
are inferred to be intra-slab events,

Interface: 0.7 (0.6 to ~0.9) based on the following:

e No other subduction zones show complete absence of thrust earthquakes.
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e Comparison with other margins in terms of plate age, convergence rate,
etc., suggests large thrust events are possible.

e Rivera plate (1932 event and aftershocks) and southern end of 1960
Chile rupture are examples of young plates that have had thrust
events,

e Southernmost Chile is as quiet as the Cascadia zone but it has
recently subducted a ridge - more analogous to coastal California.

e Preseismic compression can be expressed by compressional outer rise
events; very preliminary analysis of the 5.1 event off Oregon suggests
that it does not appear to be a compressional event,

e There is some evidence that 1949 and 1965 type of events occur at
subduction zones which are strongly (seismic) coupled.

Locations of Rupture

Intra-slab: Elastic part of slab should be the upper 10-20 km based on the
age of the plate. The larger intra-slab events (M>6) should
occur below depths .f 30 km and as deep as 60 km, which is the
approximate maximum depth of the historical events. In map viuw,
the observed deeper seismicity has a nonuniform distribution but
this may be due to differences in detection capability, particu~
larly from Washington to Oregon. A 50% weight is given to
modelling the intra-slab seismicity according to the historical
distribution; and a 50% weight is given to a uniform distribution.

Interface: Downdip extent of seismogenic interface should be at depth of
about 30-40 km based on global analogies. Updip extent should be
to about the trench (long. 125°) based on OBS studies in Japan.
The Blanco fracture zone and Nootka fault zone should serve as
segment boundaries to interplate rupture. The evidence for
internal segmentation of the Juan de Fuca plate is weak.

Maximum Earthquak® Magnitudes

Intra-slab: 7-1/4 (+1/4) based on the young slab age and the size of the 1949
event.,

Interface: Use two approaches and assign a 50% weight to each:
1. Rupture dimensions as specified above.
2. Age vs. convergence rate vs, magnitude relationships of Ruff

and Kanamori. (Note that this relationship arrives at essen-
tially a moment rate, not necessarily the maximum magnitude,)
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Recurrence-Related Parameters

Intra-slab:

Interface:

The historical seismicity data set provides a reasonable basis for
assessing earthquake recurrence.

Seismic coupling on the interface is estimated to be 30% (with a
maximum range of greater than 0% to less than 50% ) based on the
plate age vs. coupling relationship of Kanamori and Astiz. This
relationship shows a decrease in coupling for progressively
younger plates, that are younger than 20 my. Tsunami and
turbidite data suggest that the recurrence interval for large
interface events should be longer than 150 yr. Use the seismic
coupling estimate as the primary constraint on recurrence, with
the 150 yr estimate as a check.
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PHASE 1 =

RESPONSES BY EXPERT $11

Geometry

Basis for geometry sketched on cross-section provided

e PFocal mechanisms for d ep events beneath Puget Sound and the
Georgia Strait indicate normal faulting; essentially no thrusting.

e These events should be near the upper part of the slab based on
temperature constraints

e T-axes of the 1965 and 1976 events are about 30° and support the
increase in dip to the east; the depth necessary for magma
generation also support a steeper dip as well as theoretical
considerations of buoyancy due to phase changes

e The hinge in the slab near the coastline is supported by seismicity
data along the Canadian margin

e Lithoprobe results combined with seismicity data are similar to the
geometry shown

Convergence Rate

42 mm/yr (+ 10)

Based on the analyses of Riddihough

Note that the evidence suggests that the rate is decreasing and the most

recent rates are averaged over the past 1/2 million years. Therefore the
contemporary rate may be less than 42 mm/yr.

Seismic Sources and Activity
Potential seismic sources are identified:
Intra-slab source
Interface source
Deep crustal source (that may not be identified at the surface)
Probability that the potential sources are seismogenic:
Intra-slab: 1.0 based on historic seismicity
Interface: 0.9 (.8 to 1) based on analogy to other subduction 2zones such

as southern Chile. If the margins were aseismic it would be anomalous
implying special conditions and we don't see evidence for this,
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Deep crustal source: The source of 1946 Vancouver Island event is the type
of event for this source. Although the 1946 event was coincident with
the Beaufort fault zone, it apparently had no aftershocks (suggesting
a deep crustal source) and a focal mechanism that does not appear to
be consistent with an intra-slab source. If such a source exists, its
probability of activity is 1.0.

Location of Rupture

Intra-slab: within the cvpper 10 km of the slab. Updip and downdip extent
based on high concentration of instrumental seismicity. Large events
in depth range 40 to 70 km (east of 124°). Earthquakes up vo about M5
might be expected to west of about 124° based on the youth of the
plate, historical seismicity, and analogies. Along strike, use
distribution of observed seismicity to define the location and
relative rate of intra-slab seismicity.

Interface: In cross-section the seismogenic part of the interface is
expected to be west of the intersection of the continental Moho with
the slab a% abouv 123°, and west about 100 km to beneath the top of
the continental slope. Along strike the Nootka fault zone and Blanco
fracture zone are expected to act as segment boundaries separating the
Juan de Fuca plate from tiie Explorer and Gorda plates respectively.
The Michaelson and Weaver proposed segment boundary is very unlikely
because there is no evidence for it in the seismicity data (i.e.,
similar boundaries identified in other subduction 2zones are
seismogenic). No other segment boundaries are evident.

Deep crustal source: Above 30 km depth anywhere within the upper plate
along the entire margin.

Maximum Earthquake Magnitudes

Intra-slab: 7 - 7-1/2 (slight preference for 7-1/2) based on historical
seismicity and thickness of seismogenic part of slab,

Interface: Maximum magnitude should be based on dimensions of rupture
(given above). Ruff and Kanamori relationship does not have direct
2pplicability to this margin except to infer that large earthquakes
are possible,

Deep crustal source: 7-1/2 based on size of 1946 event (7.3) and the fact
that a large event would likely result in surface rupture,.




Recurrence Related Parameters

Intecface: Recurrence intervals for large earthquakes (> 8-1/2) should be
a minimum of 300 years based on historical observacion of quiessence
and Adams recurrence from turbidite data. Because of the essential
absence of thrust events, a characteristic earthquake or maximum
moment recurrence model is appropriate (as opposed to an exponential
magnitude distribution).

Intra-slab: Use seismicity data to estimate earthquake recurrence,

Deep crustal source: From historical record, recurrence interval for M7
sho'1ld be minimum of 150 yr.
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GEOMATRIX
RESPONSES BY EXPERT #12

Geometry

Basis for the two geometries sketched on the cross-section provided:
e Taber's refraction data and seismicity data provide principal basis

e The presence and position of the volcanic arc argues for steepening
and against flattening of the slab

e Steeper slab models (e.g., Crosson) must be confirmed by positive
velocity evidence for existence of the slab at greater depth

Relative confidence in the two models is the following:
Progressive steeping model 0.8
Flattening model 0.2

Convergence Rate
3 - 3.5 em/yr (vith a 60% likelihood); ranging from 2.5 to 4 cm/yr

Based on Riddihough analyses and Atwater vector solutions

'y d v
Two potential seisamic sources are identified:

Intra-slab source
Interface source

Probability that the intra-slab source is seismogenic:

95 - 100% based on historical seismicity (with some uncertainty die to
the mechanism and location of these events).

Probability that the interface is seismogenic:
20% (with a range of 102 to 40%) based on:

e No thrust events have been observed along the entire length of the
margin

e Global analog subduction zones are seismogenic

e 1949 or 1965 earthquakes may have occurred on the interface,
although they were more likely intra-slab events




GEOMAT RIX

wocation of Rupture
Intra-slab source:

The historical seismicity record provides a reasonable basis for the
location and relative frejuency ~f earthquake occurrence, both down-
dip and along strike. The seirmogenic part of the slab is 6 - 10 km
thick. 0.05 probability that future locations are completely random.

Interface source:

Downdip extent of rupture is at about 50 km depth where the slab comes
into contact with continental mantle. Updip extent is probably

limited by eastern extent of underplating; but this location is
uncertain.

Segmentation of the interface along strike probably occurs at the Juan
de Fuca-Explorer plate boundary and, to the south, with the Gorda
plate. There is a 30% likelihood that the change in orientation of

the volcanic trend at southern Vancouver Island represents a segment
boundary.

Maximum Earthquake Magnitude

Intra-slab source:

The largest historical events (1949, 1965) probably provide a basis

for the maximum events but there iz a 20% chance that the maximum
event could be larger.

Interface:

No real basis for making assessment.

Seismic Coupling and Earthquake Recurrence

Seismic coupling (a) estimates to be between 0.05 and 0.5 with a preferred
value of C.1; there is an B0% likelihood that a lies between 0.05 and 0.15.

The basis for the coupling estimate is a consideration of all types of data
related to subduction including the historical seismicity reccrd, vack-arc
spreading, slab age and dip; sediment accretion of underplating; Chilean
vs. Mariannas type behavior, etc. The geologic evidence tends to favor low
coupling along the Cascade zone. Coupling and convergence rates provide a
reasonable basis for estimating earthquake recurrence along the intcrface.

The historical seismicity record may be used to estimate recurrence on the
intra-slab source.
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GEF/MAT BRI X
RESPONSES OF EXPERT #13

Geometry
Basis for geometry sketched on cross-section provided:
e Deepur hypocenters are separated from shallower events

e Depths of some events (e.qg., 1965) are too deep for interface
events

e Normal focal mechanisms are typical of top of slab extension and
graben formation seen within slabs worldwide

e Magma source depths are typically abeut 100 km, but this is a thin,
hot slab so depth contraint not strong

e Would not expect piece of young thin plate to break off and stay
seismically active

Note that we have reinterpreted your drawing to reflect the fact that the

Tabor (1983) line represents the transition to oceanic Moho, not top of
oceanic plate (see attached).

Convergence Rate
43 + ma/yr
Based on analysis of Nichimura et a). (1984)
Ir agreement with evidence of deformation and accretion offshore.
Seismic Sources and Activity
Two potential seismic sources:
e plate interface
e intra-slab
Probability that intra-slab source is seismogenic
80% (+ about 10%): based on occurrence of deeper seismicity with
normal mechanisms and on the estimated age of this slab and the
convergence rate,
Probability the interface source is seismogenic
5% + 5%: Based on fact that essentially all deep events down to

magnitudes less than 3 do not slow thrust mechanisms, but show down -
dip tension consistent with intra-slab seism.city.

Historical record also precludes interface events,




GEOMATRIX
Location of Rupture

Intra-slab source:

e 90% of the moderate-to-large events will occur between 50 and 80 km
depth due to age of the plate, maximum downdip tension, possible
bending of plate

e In map view, may expecte higher concentrations where have had them
historically (e.g., Puget Sound region); perhaps due to fabric
resulting from extension of Savanco and other Explorer Plate
fracture zones into this area

Intzrface source:

¢ Seismogenic portion will extend from east of accretionary wedge
(15-20 km depth) to depths of 40-50 km; accretionary wedge not
sufficiently strong to stor? seismic energy; 40-50 km cut-off depth
consistent with worldwide cases and the age/rate of Juan de Fuca
plate

¢ Segment boundaries generally at boundary with Explorer Plate and
with Gorda plate

raximum Magnitude
Intra-slab source: the following magnitudes and associated probabilities:

e Stated values 6-1/2 (80% + 10%), 7 (70% + 10%), 7-1/2 (25% #+ 10%),
. (1') ttlnllltt tOl "1/2 (0.45), 7 (00‘)' 7‘1/2 (001‘)0 ‘ (0001)

e Based on historiczal seismicity and age and rate of subducting slab
Interface:

e Stated values 4 (35%), 5 (25%, 6 (10%) translate to: ¢ (0.5), S
(0.25), 6 (0.15)

e Based on young hot plate, slow convergence and correlation to

worldwide subduction zones and large amount of sediments that may
be contained between plates,

Coupling

e Seismic coupling: 5% (+ 5%)

e Based on the young age, low convergence ratc; the large amount of
sediment being subducted; even with accretiun, a large amount of
sediment is being subducted

Recurrence

® Intra-slab - use historical seismicity
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RESPONSES BY EXPERT #14

Geomotry
Basis for geometries given on cross-section provided:

¢ Depth to magma gereration should be 100-125 km and used locations
beneath Mr. Rarier.

e The deeper earthquakes beneath Puget Sound do not appear to be

North American plate earthquakes; either they are within the Juan
de ruca plate or in a remnant slab.

Two rodels are given:

¢ Model A (shallow slab dip): based on assumption that deep earth-
quakes are occurring within the upper part of the oceanic slab.
This is compatible with the extensional focal mechanisms of the
small events as well as the 1949 and 1965 earthquakes.

e Model B (shallow and steeply-dipping interfaces): based on Crosson's
and Owens' inversion results calling for a steeper dip te the Juan
de Fuca slab. Note that this model does not assume that the deep
seismicity beneath the Puget Sound is in the North American plate,
but that it is occurring in a wedge between two interfaces.

Relative preference is given to Model B, and it is given a weight of 65%
(#152).
Convergence Rate

On the basis of published estimates such as those Ly Riddihough and
Nishimura et al., the following distribution is given:

> 50 mm/yr 0.05
40 - SO mm/yr 0.30
30 - 40 mm/yr 0.40
20 - 30 mm/yr 0.20
10 - 20 s/ yr 0.05

Seismic Sources and Activity

The following potential seismic sources are identified, as a function of
geometric model:

Model A

Intra-slab source

Interface source
Accretionary wedge faults
Tears in the down-going slab
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The probability that each of the potential seismic sources are seismogenic
is the following:

Model A
e Intra-slab: 1.0 due to occurrence of 1949 and 1965 events
e Interface: 0.35 (4#0.15) based on:
- Seismic quiescence is marked and no thrust earthquakes have
occurred
- The thermal history of the Juan de Fuca plate strongly suggests
that the plate is very hot due to blanketing of the plate very
near the ridge; the sediments prevent convective loss of heat as
well as water circulation; therefore, the pla.e has a very young
thermal age
- Relatively low rate of convergence
- Analogy to other subduction zones suggest that some possibility
exists for interface earthquakes and very long recurrence
intervals.
e Accretionary wedge fault: 70X (#10%)
~ There are many known faults between the coast and the trench
showing young displacement, some may be seismogenic
e Tear in slab: given that a tear exists, probability of it being
seismogenic is 0.05 (+0.05) based on:
- To function as a later tear fault, different movement vates of
the slab would be needed and there is no evidence fer this.
- For dip-slip, would require large differences in slab age and
this is not the case.
Model B
e Shallow interface: 0.25 (40.15)
- lower than Model A because would expect a lower strain rate and
less likelihood for stick-slir behavior
e Deep interface: 0.3 (40.1)
-~ lower than shallow interface in Model A because it would be
deeper and hotter; svsence of observed seismicity
e Deep intra-slab: 0.1 based on absence of observed seismicity

[
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e Shallow intra-slab (Model A) would be remnant slab (Model B) with

the probability f seismogenic the same (1.0)

e Accretionary prism and tear fault the same as Model A.

Model A
Intra-slab: Seismogenic thickness of slab is about 10 km

In cross-section, intra-slab events will occur getvo.n 124° longi~
tude on the west to 70 km slab depth (about 122" on the east.

80-90% of the larger earthquakes (M25) would be expected in the
slab bend area, where tha 194) and 1965 events occurred.

Along-strike distribution should reflect the relatively higher
rates of occurrence where they have occurred historically, which is
also the location of the change in trend of the plate.

Interface: In cross-section, the seismogenic part of tgo interface

would be expected to be between the trench axis (1257 ) on che west
to a depth of about 50km on the east (at the bend). 50 km is the

typical maximum depth of thrust events on subduction zones
worlawide.

Along strike, segment boundaries would be expected ltotho norshorn
and southern ends of the Juan de Fuca plate (about 44  and 49
latitude).

A low probability (0.2 + 0.15) is given to the likelihood that the
Juan de Fuca plate interface is internally segmented. Major
differences iu slab geometry (such as proposed by Michaelson and
Weaver) would be expressed in the volcanic axis and they aren t.
1f a segwunt boundary exists, it would be coincident with the
southery cutoff of seismicity south of Puget Sound and on strike
with ‘he northeasterly convergence direction.

Accretionary wedge: potential seismogenic faults would be expected

between the coastline and halfway down the continental slope, with
the highest likelihood at the shelf/slepe break.

Model B

Shallow interface and shallow intra-slab (remnant slab) same location
in cross-section as Model A. Along strike, the shallow interface and
remnant slab do not extend south of Puget Sound zone of seismicity.

Deep Interfacrs: In cross sections, extends from trench o depth of 50

km; same .ateral constraints as Model A,

==
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Deep intra-slab: Location of rupture is not known.
Tear: If a tear exists, it would most likely be at the segment

boundary described above.

Maximum Earthguakes

Model A

Interface: 8 (+0.5) (0.66 weight between 7.5 and 8); dimensional
arguments that give estimates of magnitude 9 are not applicable tc
the Cascadia subduction zone due primarily to different strain
rat s.

Intra-slab: 7.25 - 7.5, which is slightly larger than historical
observation (1949, 1965).

Accretionary wedge: 7 (4#0.25). The occurrence of earthquakes in the
wedge is localized by accretionary processes (fluid pressures,
etc.) and the expected seismogenic area is limited.

Model B

Shallow interface: 7.25 (+0.25) less than Model A because of slower
strain rates resulting in different rhelogy.

Accretionary wedge and remnant slab (shallow intra-slab) same as
Mcdel A.

Deep interface: .75 for 7.5 to 8, .25 for 8 to 8.5
Deep intra-slab: No basis for estimate.
Tear fauit: 5. There is no need for either significant strike-slip

or dip-slip displacement in the slab.

Recurrence-Related Parameters

Model A

Intra-slab: The historical seismicity record provides a reasonable
basis for estimating recurrence.

Interface: (Fa.rly low confidence in estimating seismic coupling)

e High heat flow, low convergence rate suggest that the plate should
have a very young thermal age..

e Seismic coupling estimated at 107 (iSZ) based on Kanamori relation
between slab age and coupling.
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e For interface recurrence, use coupling and maximum earthquake
estimates.

Mode' B

Shallow and deep interfaces: Coupling vali.e of Model A is appropriate
but convergence rate should be partiti.ned between the upper and
lower interfaces with a ration of 1:1 to 1:6, respectively
(preference at 3:1).

Accretionary wedge: Adams finds about 25 ma/yr of shortening in the

accreticrary wedge; an estimaced 57 -say be expected to be released
as seismic energy.

Assum g that the plate interface is seismogenic (by either Model A or
Model 8), a maximum moment recurrence model is appropriate.
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PHASE 11

INFORMATIONAL MATERIALS
SENT TO EXPERTS PRIOR TO FOLLOW-UP INTERVIEW



One Markaet Piaza m
Spaar Street Tower, Suite 7!

San Francisco, CA 9410¢

@415 957.9557 GEOMATR'X
SAMPLE LETTER SENT TO EXPERTS

September 18, 1987
Project 1133A-1.4

Prof.

Subject: Satsop, Washington Seismic Hazard Analysis

Dear

Many apologies for the long delay in getting back to you concerning the
subject study. The past several months can be summarized by the following.
The tectonic assessments for the hazard analysis were completed at the end
of November, 1986. The results of this analysis essentially provide a quan-
tification of the probability of occurrence of various magnitude earthquakes
on various seismic sources. The next step of the hazard analysis specifies
the level of ground motion at the site given these earthquakes. For these
predictions, grcund motion attenuation relationships are required that des-
cribe the rate of ground motion amplitude variation with distance as & func-
tion of magnitude. These relationships are readily available ror shallow
crustal earthquake sources. However, relationships for subduction zones,
particularly for sites within 30 km, potentially directly above the plate
interface, magnitudes > 8, and on rock sites have not been previously
developed. As a result, several months of the project were devoted to
ground motior analysis.

The ground mot.on analysis has included the development of appropriate
empirical attenuation relationships. Considerable effort was focused on
developing a data set of close-in, rock site recordings for both intraplate
and interface earthquakes. Here, data from the 1985 Chile and Mexico
earthquakes have proven invaluable. The preliminary results of this effort
were presented at SSA in April, 1987 (Youngs et al, Seis. Res. Ltr., v. 58,

p. 29, 1987). The ground motion-related studies were completed in July of
this year.

So at present, we are equipped to carry out a full hazard analysis for the
Satsop site. We are, however, concerned that during the intervening time,
the opinions of one or more of the experts may have changed in “ight of
recent studies. In addition, we feel that it may Lo useful for each expert
to see the calculated results of his assessments and to re-examine his
assessments in light of those given by all of the experts. As a result, we
are asking you to review the attached materials and to participate in a-

telephone interview aimed at identifying any changes in your previous
assessment .,

Geomatrix Consultants, Inc.
W15 3 Ermggies et £ oaent '



Prof. /=

September 14, 1987 GEOMATRIX
Page 2

The materials attached to this letter are the following:

Attachment 1. A summary of your assessments (referred to by your expert
number). This summary includes not only the direct assessments given by you
(e.g., probability of activity), but also the calculated results of your
assessments. For example, you may have specified that the maximum magnitude
on the plate interface be calculated from the dimensions of rupture; Attach-
ment 1 shows the magnitude values that result from these dimensions. As
another example, you may have specified that earthquake recurrence be calcu-
lated trom the convergence rate, seismic coupling, and a particular recur-
rence model. The calculated recurrence relationships based on these speci-
fications are given in Attachment 1. Please review these results and their
associated uncertainties. Bear in mind that it is possible to change either
the parameters or the calculated results (e.g., recall that maximum magni-
tude or recurrence intervals could be assessed directly). Attachment 1

(along with the cross-secti-as in Attachment 5) will provide the basis for
the present reassessment,

Attachment 2. A detailed summary of the assessments given by all of the
experts. These are the individual assessments (each checked for accuracy)
given by the experts. These are important because they provide the scien-
tific bases for the conclusions drawn. You will find yours according to
your expert number. Please bear in mind that these summaries reflect
opinions given in 1986 and are subject to modification.

Attachment 3. Overall summary and analysis of expert assessments. This
attachment summarizes the range of expert opinion given for the parameters
of interest to the hazard analysis. This document may help provide a
context for your responses, although no attempt has been made to call out

individual expert opinions. Again, please remember that these assessments
are stbject to change.

Attachment 4. Recent references related to the Cascadia subduction zone.
The papers attached have either come into print or have been accepted for
publication since our last meeting. Also included are the abstracts of
papers that we are aware of that have been submitted for publication.

Copies of these papers are not yet available, subject to acceptance for
publication,.

Attachment 5. Seismicity cross-sections. As an aid in evaluating your
assessments of crustal geometries, we are providing updated seismicity
cross-sections. The uncertainty in hyposentral location is given by the
error bars. The cross-section of particular importance for this analysis is
Cross-section F, which passes through the site.

e R S s S
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The procedure that we will follow for the reassessments will consist of the
following. Please review the attached materials, paying particular atten-
tion to your previous assessrents, their calculated results, and the assess~-
ments made by others. We will call you in the near future to set up an
appointment for a telephone interview, which will occur in late September or
early October. During the interview, we will step through your assess-
menrts and the essociated uncertainties and ask you for any changes. As was
done previously, we will make out best attempt to record both your assess-
ments and the basis for them. Our record will then be sent to you for
review to ensure accuracy.

Once again, we apologize for the long delay in following up on this hazard
assessment. As far as we know, it is one of the largest seismic hazard
analyses involving expert opinion that has yet been undertaken. Your
participation is invaluable end greatly appreciated. We are pleased to
offer a $250 honorarium as a small expression of thanks for your efforts on
this phase. As promised, the complete Satsop Seismic Hazard Analysis will
be provided to you upon completion.

We look forward to speaking with you soon.

Best regards,

Kevin J. Coppersmith
Project Manager

dla

Attachments
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ATTACHMENT 1

Summary of Phase I Assessments for Each Expert
Including Calculated Results




Expert 1
SUMMARY OF MODEL PARAMETERS

Slab Geometry:
Three dips: Model A - 10° (0.2)
Model B - 15° (0.5)
Model C - 25° (0.3)

Convergence rate:
3G 10 mm/yr

The resulting distribution for convergence rate mm/yr is

percent: 0 10 20 30 40 50
Prob mm/yr 4----d-cecdecc e decncdecn ok
0.050 20.00 **#&xx
0.300 25.00 ERERKALXRARFRARARAARRAAR LA LR A &L
0.300 30.00 AASAARKAARKAXARAKAALRIAA KR AR
0.300 35,00 *FAdkkdthdhhthhhrhathhihhdthdds
0.050 40.00 *##%xkx
Prob value 4----dmcccdecc g fec e c e ccfan et

Sources and probability of activity:
Model A - Interface 0.4 (0.25 - < 0.5)
Intraslab 1.0

Models B and C - Interface 0.4 (0.25 - < 0.5)
Intraslab (Juan de Fuca) 0.1 - 0.15
"deep zone'" beneath Puget Sound 1.0

Maximum extent of rupture on interface:
Updip - toe of continental slope
Downdip - depth of 40 to 50 km (equal weights)
Along strike - Nootka to Blanco (0.8)

Nootka to Blanco segmented at 46°N (0.2)

Interface Maximum Magnitude:
Use maximum rupture dimensions
Model A - unsegmented area

= 134400 to 160000 km? M_ 9.25
segmented area = 67200 to 80000 km? M* 9.0

Model B - unsegmented area = 76000 to 92000 km2 M® 9.0
segmented area = 38000 to 46000 km? M" 8.75

Model C - unsegmented area = 28800 to 38400 km?2 M" 8.5-8.75
segmented area = 14400 to 19200 km? n: 8.25-8.5
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Interface Earthquake Recurrence:
Use moment rate approach with:
moment rate = convergence rate*a*interface area
a= 0 05 (0.58) or 0.95 (0.42)

use "maximum moment" magnitude distribution

Attached Figure 1 shows the resulting distribution of recurrenre
estimates for interface events. Maximum event magnitude is assumed to
be uniformly distributed in the range of the expected maximum
magnitude given above t 0.25 magnitude units. Repeat times for
maximum events range from 300 to 20,000 years. Figure 2 shows the
effect of choice of a on recurrence estimates for Model A. The
remaining variation in recurrence estimates shown in Figure 2 reflect
the effects of variations in convergence rate and maximum magnitude.

Location of intraslab events:
Model A - 957 between 122°W and 124°W
Models B and C -~ "dcep zone" between 122°W and 124°W
intraplate shallower than 50 km
Along strike - match observed relative frequency

Intraslab Maximum Magni‘
Model A and "deer or Models B and C - 7.25 %0.25
resulting distri

percent: 0 10 20 30 40 50
prob value #---=4=--cpunnn e e e e T
0.300  7.000%%AkAkARAARAAEAARXRARARARRRRAK

0.400  7.250%AkRARARRARACARAXAAARAARAXRAARAAARARRAARR
0.300  7.S500%RARAAAKARRAKRRARKAARRARRRAAKRE

prob value +-- ‘===~ B s S s et e e e =
Models B and C - 5 to 6 uniform distribution

Intraslab Eartaquake Recurrence:
Historical seismicity used to compute a- and b-values for exponential
model. For intraslab events in Models B and C, the seismicity rate
was estimated from offshore events within the Juan de Fuca piate away
from the spreading centers and fracture zones. Figure 3 shows the
recurrence relationship used for the intraslab events in Model A and
the deep zone in Models B and C. This curve is bases on all recorded
events not inferred to lie within the North American plate. Figure 4
shows the recurrence relationship for the offshore Juan de Fuca plate
used to model tYe intraslab recurrence for Models B and C.
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GEOMATRIX

Expert 2
SUMMARY OF MODEL PARAMETERS

Slab geometry:

App

roximately 10° dip through deep seismicity

Convergence rate:

15

prob
0.100000
0.400000
0.40000¢
0.100000
prob

to 3C mm/yr with the following distribution

percent: 0 10 20 30 40 50
ma/yr D OUOTS SPPU0 St it ST L TETTS SR SRR SR S
15.00 %%+ chkkihssk
20,00 *AAKRRKERAKARRRARARARARARAKAARARA AR AAAKAR
25.00 REAARRRRAAKARARARARARARAARRARRAAAAAARA RS
30.00 *fkkkkkkssk
e e Satates ST TP S U U S S

Sources and probability of activity:
Interface 0.8 20.7-0.855

Intraslab 0.6 - 0.7

Maximum extent of rupture on interface:

Upd

ip - coastline

Downdip - not assessed, use AGGREGATE distribution

per
prob
0.083
0.250
0.317
0.125
0.225

for maximum depth of rupture (km)

cent: 0 10 20 30 40 50
i)l St Attt T T S S S S S
30,00 *&kfkikkii

35.00 HARAKARAAARAARARLAAAE AR AL

40,00 *AARARARKARRRARRRARARAAARA AR Sh k&
45,00 *Ekfkkkkithkiik

50,00 HEAXAAAAAIARRAARKA SRR

Mt S e s St S SR S S S

Along strike - Nootka to Blanco (0.6)

Interfac

Nootka to Blancc segmented at 46°N (0.4)

e maximum magnitude:

Not

assessed - use AGGREGATE distribution
a) 0.55 weight assigned to estimate from maximum rupture area
ursegmented model - rupture area 64800 to 133600 - M 9<9.25
segmented model - rupture area 32400 to 66800 - H" 8575-9




prob
0.073333
0.073333
0.073333
0.390007,
0.09837 3
0.0833.,3
0.083332
0.083333
0.041667

prob

prob
0.033000
0.033000
0.033000
0 175500
0.044250
0.180500
0.323%000
0.153000

prob

Interface earthquake recurrence:

b) 0.45

percent:
Mmax
7.50
.13
8.00
8.25
8.50
8.75
9.00
9.25
9.50

Combining a) and b) the distribution over al

=

GEOMATRIX

weight assigned to following distribution

fkdckfhdk
RAkfkkhhk

*t*t**ttt***t*t*t******tt**********t****
AhkkAAhhdkkkk

Rhkkkkhhk
Rkkkkhdhik
Rkhkkhkkkik
Rkkkk

LBt adete st bt o R ST SO SRR S SRR

geometries is

percent:
Mmax
7.50
7.75
8.00
8.25
8.50
8.75
9.00
9.28

1 maximum rupture

0 10 20 30 40 50
Puscopucesporsopencnpesrafancntnsandescatprnsifsnscd
Rk

k%

KAA%

L e Y s S S T T

Kk

KARAKRARAR AR AL LAk EL
**t*wt***tt*t*********************

RAKARRAANAAARS AL

B e et el T S S G U

0.3 weight assigned to geologic estimate of 430 (£25%) yrs
0.7 weight assigned to moment rate approach

moment rate = convergence rate * a * interface area

Assessed distribution for convergence rate mm/yr is give above

a.pha not assessed - use AGGREGATE distribution of experts
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GEOMATRIX

perceat: 0 5 10 15 20 25
prob @ deemedeccadescapocnepunnchencchannchs cofomsapacnsd
0.032  0.00 #*xx&ksx

0.191 R R A A AP APRPAPRPIPY
0.145 0.10 HAA KA A A A AR A AR AR A AR AR SR AR

0.045 0.15 Hekktiskkhs

0.036 0.20 %kfkkikik

0.050 0.25 kkkkikdkikdk

0.046 0.30 Hukkkdkdsk

0.037 0.35 #*&kkkkik

0.024 0.40 *&k&kkxx

0.020 0.45 #xkkax

0.023 0.50 #&x&xx

0.028 0.55 %&kskskx

0.033  0.60 #&kkkksrx

0.038 0.65 RAkhhkhkhkhkdd

0.041 0.70 fkikkikisk

0.030 0.75 #%kkkak

0.019 0.80 #*#x&%x

0.015 0.85 *#*%

0.011 0.90 #%%

0.043 0.95 %kdkkkkiss

0.093 1.00 ERAARAAR  RARAAkkdhs
prob e e R ATl SLTTS DT SR S SRR St

Magnitude distribution model not assessed - use AGGREGATE
assessmeat of th: experts

exponential (0.23)
characteristic (0.41)
maximum moment (0,36)

Figure 1 shows the resulting distribution of recurrence estimates, Figure 2
shows the effect of variation in maximum magnitude on recurrence estimated

using the moment rate approach, and Figure 3 shows the effect of choice of
magnitude distribution model on recurrence estimates.

The earthquake recurrence relationships shown in Figure 1 can be summarized
in terms of return periods for events of various sizes as follows:

Return Period (yrs) for events of Jagnitude 2 M

Magnitude M 5th percentile 50th percentile 95 percentile
S 7000 20 0.4
6 7000 75 2
7 7000 275 6
8 - 630 60
9 - 10000 400



GEOMATRIX

Location of intraslab events:
Updip extent - 123°W
Downdip uncertain but 80 - 90 % near bend at 122°W
Along strike - variation not assessed, use aggregate opinion

0.9 variable matching observed seismicity pattern
0.1 uniform along strike

Intraslab Maximum Magnitude:
Not assessed - use following AGGREGATE distribution

percent: 0 10 20 30 40 50
prob  Mmax ORI b, g LIS TR S S G S
0.041 6.60 *%%=%

0.030 6.75 ##xx

0.355  7.00 AAARAAARXAAARRAARARRRARAR KA AR LA LAAL
0.219  7.25 *hkkkfkhihihrthhkhhhhss

0.345  7.50 *AARRAAAKARRKRRRARRARAREA AR Ak &k
0.000 7.75 *

0.010 8.00 **

prob e e AR ST S SO S S

:i~aslab earthquake recurrence:

Not assessed - use historical seismicity. Figure 4 shows recurrence
relationship for deep earthquakes assumed to be occurring within
downgoing slab. This curve is bases on all recorded events not
inferred to lie within the North Arerican plate.
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GEOMATRIX
Expert 3
SUMMARY OF MODEL PARAMETERS
Slab Geometry:
Approximately 10° through deep seismicity
Convergence rate:
40 %19 mm/yr
The resulting distribution for convergence rate mm/yr is
percent: 0 10 20 30 40 50
prob  mm/yr b Grnten tutnien bl XS M EE S S
0.050000 20,00 ##rkkxk
0.300000 30.00 *HARKAARRAAARKAKARARKARAAAARLAS
0.300000 40,00 *EARAAXRARARAARARKARRARRA AR AR &S
0.300000 50.00 *AAAXARARRRARAAKRAAAAARAAAAARAA
0.050000 60.00 #**xxkx
prob Eneartersatescspincnfonsaponsaposnshiionnhnssipiansd

Sources and probability of activity:
Interface 0.6

Intraslab 1.0

Maximum extent of rupture on interface:
Updip - minimum depth 5 km

Downdip - waximum depth 45 km (resulting width 200 km)
Along strilke - Nootka to Blanco

Interface Maximum Magnitude:
directly assessed according to following distribution

percent: 0 10 20 30 40 50
probd Mmax Frsccpecocpoonspecrnpercoponcaponcchacacponsndesnd
C.125000 8.50 HEkAdAkdtikidhs

0.250000 8.75 HAAKAKRRKAARKAARAAARAR Lk k%
0.250000 0.00 HAAAARAARAAARARAARAARA KA &L
0.250000 9.25 HAARAKKAAAKKRRARALAAAR LA KL
0_125000 9_50 Rhkhhkhhdehikthhds
prob b dis Sl il S P SRR AR (IR S|



=

CEOMATRIX

Interface Earthquake Recurrence:

Use geological assessment accordiag to following distribution:

percent: 0 5 10 15 20

PIOb  yeArs +----d-codomcoeccponmnpac b n e cndac e onnnt
0.006940 200.00 *#

0.0655560 300.00 #Akfkkkkhitdk

0.103300 400.00 HAAAAAARARAAAAAARAktts
0.164170 500,00 *EAAAAXKAKAAAASAAALALA
0.097220 600,00 Skkkxdkidkihhiiiitis
0.090280  700.00 *%fkhkkdkhihhhktdds
0.083330 800.00 AAAAAASAKAAARAALAR
0.076390 700.00 HhAkkkkkhdkhkikihd
0.069440 1.,00.00 %kkkkkkinkiriss
0.062500 1100.00 **%kkkhsikdkhis
0.055560 1200.00 **%##akksksks

0.C'8610 1300.00 *#»skkhkkkssk

0.041670 1400.00 *#%kkiskss

0.034720 1500.00 #*%kkkksk

0.027780 1600.00 **#k&ix

0.020830 1700.00 #*%%#%

0.013890 1800.00 #*%%%

0.006940 1900.00 **

©.N00870 2000.00 *

prot M bbb S T LT ST TS R S R

(moment rate approach used as check with :
moment rate = convergence rate*a*interface area
for @ = 0.66 and Mmax = v, return period = 333 yrs)

use "characteristic'" magnitude distribution

Attached Figure 1 shows the resulting distribution of recurrence
estimates for interface events. Figure 2 shows the effect of Mmax on
recurrence estimates. The earthquake recurrence estimates shown in

Figure 1 can be summarized in terms of return period for events of
various sizes as follows:

Return Period (yrs) for events of Magnitude 2 M

Magnitude M S5th percentile 50th percentile 95 percentile
S 21 7 2
6 87 30 8
7 364 132 41
8 1050 430 166
9 -

1320 340




GEOMATRIX

Location of intraslab events:
10 to 20 Z near outer rise
5 % at intermediate depths
remainer in deep zone of observed seismicity
Along strike - match observed relative frequency

Intraslab Maximum Magnitude:

Mmax = 7.5 in deeper part of slab
= 8.0 in shallow part

Intraslab Earthquake Recurrence:

Historical seismicity used to compute a- and b-values for exponential
model. Figure 3 shows the recurrence relationship used for the
intraslab events. This curve is bases on all recorded events not
inferred to lie within the North American plate.
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GEOMATRIX

FILURE 2 B-value -
Deep Zone
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Expert 4

SUMMARY OF MODEL PARAMETERS
— " TEL VYARAMETERS

Slab geometrv:

Approximately 10° dip through deep seismicity

Convergence rate:
Following distribution assessed

percent: 0 20 40 60 80 100
prob mm/ yr +----+----+----+----+----+----+----+----+--—-+----+
0.05 10.00 #%tx
0.5 20,00 AARAARARAKARKARARRRARA AL
0.40 30,00 *ARRARARARRRAARAARAAL
0.05 40,00 *%x#
prob

+----+----+----+----+----+-~--+----+----+~---+----+

Sources and probabi ity of activity:
Interface 0.75 ztO.ZSS renormalized to 0.075 for events > M 5.0

Intraslab 1.0

Maximum extent of rupture on interface:
Updip - 20 km depth

Downdip -~ 40 km depth

Along strike - Nootka to Blanco barrier to rupture (0.5)

Interface maximum magnitude:
Assessed distribution

percent. 0 10 20 30 40 50
prob Mmax +----+----+----¢----+---_*-___+____+____+-___+__-_+
bRt Rt R R R P AP
%'%%%%%% 2:88 tttttttttttttt*ttttttt*ttt*tqt*
é 300000 5.00 ARREAAAAKKAAARRARARARRAAR KNS ChhK
6 090000 6.00 *Rkickhiikk
i e P K AP O
Renormalized distribution for events > mag 5
0 80 '00.
rcent: 0 20 40 6 i Wi
ob o T R e e S e e S Shava
) 908300 6.00 KERAARARAR AR AR A AR AR AR AR AR A ANAARAAAAARARARAR
O:lOOOOO 7.00 *fkxsk

--------------- emsrfrconracad sy
prob L aiden s + + +




=

GEOMATRIX

Interface earthquake recurrence:

use moment rate approach
moment rate = convergence rate * a * interface area

Assessed distribution for convergence rate mm/yr is give above
alpha assessed as follows

percent: 0 20 40 60 80 100
prob L et kit SEEEE SETT ST ST S Sy SR S,
0.050000 0.00 #*&&%
0.800000 0.05 AEAARRARAKRKRRRRRRARRARRRAAARARAARARRERAAR

0.050000 0.10 #*&%%
0.050000 0.15 #k#x
0.050000 0.20 *&&%
prob e e e S S S T Tr T Ty

Magnitude discribution model not assessed - use AGGREGATE assessment
of the experts

exponentia) (0.23)

characteristic (0.41)

maximum moment (0.36)

Figure 1 shows the resulting distribution of recurrence estimates, Figure 2
shows the elfect of variation in magnitude distribution model on recurrence
estimated us'ng the moment rate approach.

The earthquake recurrence relationships shown in Figure 1 can be summarized
in terms of return periods for events of various sizes as follows:

Return Period (yrs) for events of Magnitude 2 M

Magnitude M Sth percentile 50th percentile 95 percentile
S 10 0.3 0.06
6 15 0.6 0.5

7 - - 51




GEOMATRIX

Location of intraslab events:
Use observed seismicity pattern

Intraslab Maximum Magnitude:
Assessed distribution as follows:

percent: 0 10 20 30 40 50

Prob  Mmax 4---d-cccdecccdecccdocncds codecccdenmepecnadenansd
0.330000 7.00 St d A A AR A AR AR A AR AR AR AR A AR A kA
0.340000 7.25 AR AR A A A AR A AR R A A AR AR AR AR A A A A A A A ks
0.330000 7.50 HA kAR A AR A A AR A A AR A AR AR AARRAARARAAAR

prob e R R s Sl SE T T S S——

Intraslab earthquake recurrence:
Use historical seismicity. Figure 3 shows recurrence relationship for
deep earthquakes assumed to be occurring within downgoing slab. This

curve is bases on all recorded events not inferred to lie within the
North American plate.
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GEOMATRIX

Expert 5
SUMMARY OF MODEL PARAMETERS

Slab geometry:

Model A - gradually increasing dip approximately 17° below site
(0.75-0.80)

Model B - approximately 10° dip through deep seismicity (0.20-0.25)

Convergence rate:
25 to 40 mm/yr with the following distribution

percent: 0 10 20 30 4n 50
prob T L e S LT T TSI S Y
0.028 25,00 #i&&
0.222 30,00 *EARKRARAKRRAARRARARARK
0.444 35,00 HARERAKRARRARRARARERARARAARRARRARRAARAARARR AR
0.306 40,00 AEARERAARKRREIRRRRRKAARRARAAR AR
prob e e St SELTS SETET ST TES ST TP SUEPR Sy

Sources and probability of activity:
Interface 0.5 310.55

Intraslab 1.0

Maximum extent of rupture on interface:
Updip - coastline
Downdip - 123.5°W longitude
Along strike - Nootka to Blanco

Interface maximum magnitude:
Not assessed - use AGGREGATE distribution
a) 0.55 weight assigned to estimate from maximum rupture area
Model A - rupture area 43200 - M, 8.75
Model B - rupture area 64000 - M 9
b) 0.45 weight assigned to following distribution

percent: 0 10 20 30 40 50
prob L e e B e B S Tt s
0.073333 7.50 #hkdkkhkk
0.073333 7.75 Rishkhhk
0.073333 8.00 A&dskink
0.390000 B.25 SRk A AR A AR A A AU A A SRR AR AR AR AR A RS
0.098333 B.50 HARARRAARAS
0.0833133 8.75 Rkkkikhkk
0.083333 Q.00 H&k&kkkkihs
0.083333 Q.25 ftkkttins
0.041667 Q.50 *k&ak

prob i e e e e e e e ST T S,



prob
0.033000
0.033000
0.033000
0.175500
0.044250
0.463750
0.161250
0.037500

prob

GEOMATRIX

Combining a) and b) the distribution over all maximum rupture
geometries is

percent: 0 10 20 30 40 50
MBAR  #occsdecccpecccpiccndon: cpenccdocnnpaceoducccdanantd
7.50 ik
7.75 wxax
8.00 H#kx
8.75 HARKARRARAAARKAARAS
8.50 #ksax
8.75 ***ﬁtt****t**t**t*tttt***tt*t***t**t****t***ﬁtt
Q.00 RARARAAAARAAAARAR
9.25 *ikka
R e e T T S e U U WY

Interface earthquake recurrence:

Not assessed - use AGGREGATE distribution of other experts as follows:
0.48 weight

estimates of

prob
0.001388
0.025988
0.671900
0.154718
0.019444
0.018056
0.016666
0.015278
0.013888
0.012500
0.011112
0.009722
0.008334
0.006944
0.005556
0.004166
0.002778
0.001388
0.000174

prob

yrs

percent:

200.00
300.00
400.00

500.

00

600.00
700.00

800.

900,
1000.
1100.
1200.
1300.
1400.
1500,
1600.
1700,
1800,
1900.
2000.

00
00
00
00
00
oe
00
00
00
00
00
00
00

assigned to following AGGREGATE distribution of geological

veturn period for large events

0 20 40 60 80 100

L Stet SEDDS SETTS SRS TP TSR SYSpute SR R SR S S
*

A%

AR AR AR R AR R AR AR A AR AR AR AR R AR AR A
ARARAARAR

*%k

*k

®%

W % % ¥ N ¥ * N

+
'
'
'
1]
+
'
'
1]
'
+
1
]
'
'
+
)
'
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'
+
'
{
]
'
-
)
'
'
'
+
'
1
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I
&
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1
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L
]
&
'
'
1
'
+

0.52 weight assigned to moment rate approach

moment. rate = convergence rate ¥ a * interface area

Assessed distribution for convergence rate mm/yr is give above




alpha not assessed - use AGGREGATE distribution of experts

percent: 0 5 10 15 20
prob L SR St et bt ST T S SR Sapr s
0.032 0 00 #dkiskin
0.19]1  0.05 *Ardd ittt A AR AR AR AR AR A AR AR AR S A d
0.145 0,10 SEARARtktd ARt AR dAAStahahhtsiik
0.045 .15 #hdkkdkiak
0.036 0.20 #*&kktias
0.050 0.25 wkdkkhihdssk
0.046 0.30 *%kkkdkiks
0.037  0.35 ##kkakns
0.024  0.40 **khik
0.020 0.45 #*&xxx
0.023 0.50 *&kkxs
0.028 0.55 #*kkkiak
0.033  0.60 *akkkdns
0.038 0.65 *kdkahsas
0.041 0.70 *x&kansas
0.030 0.75 #kwkkas
0.019 0.80 #&&xx
0.015 0.85 #*&%x
0.011 0.90 ##%
0.043 0.95 Hkaddihkns
0.093  1.00 **RkATARRAEAAARRALAL
prob i e R e il ST SEP N R St

Magnitude disiribution model not assessed - use AGGREGATE
assessment of the experts

exponential (0.23)
characteristic (0.41)
maximum moment (0.36)

Figure 1 shows the resulting distribution of recurrence estimates, Figure 2
shows the effect of variation in maximum magnitude on recurrence estimated
using the moment rate approach, Figure 2 shows the effect of choice of
magnitude distribution model on recurrence estimates, and Figure 4 shows
the effect of slab geometry on the recurrence estimates.

The earthquake recurrence relationships shown in Figure 1 can be summarized
in terms of return periods for events of various sizes as follows:

Return Period (yrs) for events of Magnitude 2 M

Magnitude M Sth perce.itile 50th percentile 95 percentile
S 4200 17 0.4
6 4200 63 2
7 5250 240 9
8 - 480 60
9 - 12000 540



GEOMATRIX

Location of intraslab events:
Updip extent - coastline
Downdip extent - Mt. Ranier

Along strike - match observed seismicity pattern

Intraslab Maximum Magnitude:
Magnitude 7

Intraslab earthquake recurrence:

Use historical seismicity. Figure 5 shows recurrence relationship for
deep earthquakes assumed to be ocrurring within downgoing slab. This

curve is bases on all recorded events not inferred to lie within the
North American plate.
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Expert 6

GEOMATRIX

SUMMARY OF MODEL PARAMETERS

Slab Geometry:
Model A - 10° through deep seismicity

(0.70 $0.05)

Model B - 10° with double bend through deep seismicity (0.30 +0.05)

Convergence rate:

10 to 60 mm/yr with the following distribution:

percent: 0 10 20 30 40 50
prob I e e S it s ST T S S,
0.010 10,00 #=*
0.020 15,00 *%%
0.020 20,00 ##*%
0.020 25.00 *%#
0.110 30.00 *ktkkkddhhshk
0.200 35,00 EAAAARRARRARKLRRARALR
0.183 40.00 *ERAkREAARARAARAALR
0.274 45,00 *EARRARARKARRRKRARRRRAAAARARAR
0.143 50.00 *rkkkthdhhkhhkiss
0.010 55.00 **
0.005 60.00 #**
prob e S e S LT CL T T e—
Sources and ggobabilégg of activity:
nterface 0. $0.1
Intraslab 1.0
Maximum extent of rupture on interface:
Updip - depth 20 km
Downdip - depth of 45 km (£5)
Along strike - Nootka to Blanco (0.5)
Entire plate (0.5)
Interface Maximum Magnitude:
Use maximum rupture dimensions
Model A - unsegmented area = 157500 km?® M_ 9.25
segmented area = 120000 km? M* 9.25
Model B - unsegmented area = 210000 km? M" 9.5
segmented area = 160000 km? H: 9.25

Interface Earthquake Recurrence:
Use moment rate approach with weight (0.5)

moment rate = convergence rate*a*interface area
convergence rate distribution given above



GEOMATRIX

a assessed according to following distribution

percent: 0 5 10 15 20 25
prob B e it ST TIPS SRS U SUNR S S S
0.083 0.45 *RXEARRARRARARAARR
0.167 0,50 ARARARERRAARCARRRRAARARRARRARAARAR
0.167 0.55 *RARAARERRRAXRARARAARARRRARRARRKRAL
0.167 0.60 HRREAKRAIRARARAARRARARARAARRARARAL
0.167 0.65 SRARAKAAKRAAKAARARARARRAARARARARAS
0.167 0.70 AERKRAXRFARRRARAARARARSRARKRRARARR
0.082 0.75 *EREkRRAARAAKARR
prob e i B e S S T T G—

Use geologic estimate of 430 $25% with weight (0.5)

Magnitude distribution - exponential (0.6)
- characteristic (0.4)

Attached Figure 1 shows the resulting distribution of recurrence
estimates for interface events. Maximum event magnitude is assumed to
be uniformly distributed in the range of the expected maximum
magnitude given above ¢ 0.25 magnitude units. Figure 2 shows the
effect of magnitude distribution model on recurrenc: estimates, Figure
3 shows the effect of uncertainty in segmentation, and Figure 4 shows
the effect of slab geometry.

The sarthquake recurrence relationships shown in Figure 1 can be summarized
in tetms of return periods for various sizes as follows:

Return Period (yrs) for events of Magnitude 2 M

nitude M Sth percentile 50th percencile 95 percentile
S 9 1 0.2
6 37 4 0.7
7 182 21 3
8 675 118 20
9 1860 525 200

Location of intraslab events:
Updip - 75 km west of trench
Downdip - depth of 75 km 75Z of mag>6 near bend
Along strike - match observed relative frequency

Intraslab Maximum Magnitude:
Uniform distribution 6.75 to 7.25

Intraslab Earthquake Recurrence:

Historical seismicity used to compute a- and b-values for exponential
model. Figure 5 shows the recurrence relationship used for the
intraslab events in Model A and the deep zone in Models B and C. This
curve is bases on all recorded eve:uts not inferred to lie within the
North American plate.
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GEOMATRIX

Expert
yUMMARY OF MODEL PARAMETERS

b

eometry:

B
A}'}‘l oxXim

L

percent
r.xm/ Yyt
30.00
0.30 15.00 Hakfddddudkd rkkhkkhkkhkhhhAhhkhd
0.30 40,00 HAhkkkikid kA kA kAR Rk Rk
0.30 45 .00 HARARARAXAARARARRARARARARRAARAR

0.05 50.00

prob b o aibes o el wonodee

g

urces a.d probability of activity:
Interface 0.3 (£#0.2)
Intraslab noi ssessed use AGGREGATE assess

Maximum extent of ruptur on interface:

Updip depth of 15 to 20 km (equal weights)

1 and

VOWIHIA D ¢

T
r

Along st

interface maximum mag!

Use maximum rupt
rupture are
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GFOMATRIX

The earthauake recurrence relationships shown in Figure 1 can be summarized
in terms of return periods for events of various sizes as follows:

Return Period (yrs) for events of Magnitude 2 M

Magnitude M Sth percentile 50cth percentile 95 percentile
5 630 6 0.4
6 630 22 2
7 630 100 9
8 630 310 60
9 13400 1400 533

Location of intraslab events:

Updip , downdip, and along strike - match observed seismicity pattern

Intraslab Maximum Magnitude:
Not assessed - use following AGGREGATE distribution

percent: 0 10 20 30 40 50
T R e e e e T T LT T SN —
0.041 6.60 #*xkux
0.030 6.75 #¥k%
0.355  7.00 Sffddddddddhhhhhhhidd " ARAAARAREEASik
0.219  7.25 #hkkrkddddhdbhdhhhhddhhk
0.345  7.50 SRRt AdARAARARARRRREARARP ARRARAS AR &S
0.000 7.75 *
0.010 8.00 ==
prob s S b e i e e e T |

Intraslab earthquake recurrence:

Use historical seismicity. Figure 3 shows recurrence relationship for
deep earthquakes assumed to be occurring within downgoing slab. This
curve is bases on all recorded events not inferred to lie within the
North American plate.
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Expert 8
SUMMARY OF MODEL PARAMETERS

Slab geometry:
Approximately 10° dip through deep seismicity

Convergence Ea;g:
42 *1 yr with the following distribution

percent: 0 10 20 30 40 50
prob -i'ﬂ B S S e S St ST SR S ST &
0.05 30.00 *kktnd
0.30 35,00 ArRkkkfAkhthARARARAARAhhd kA hihk

0.30 40,00 RERAKARARRAAAKRARARSCRRARARRARE

0.30 45,00 ARRERRESRRRAARRRRRARARKARRARAAS

0.05 50.00 %&kkkk

prob e S e S e e Tt ot S |

b activity:
Interface 0.45 (0.25-0.7
Intraslab 1.0

: o e et
Updip - 124.5°W to 125°W quunl weights)

Downdip - 123° W
Along strike - Nootka to Blanco

Interface $

Use maximum rupture area
rupture area 89600 to 119200 - H' 9-9.25

Interface earthquake recurrence:

Use moment rzte approach
moment rate = convergence rate * a * interface area
Assessed distribution for crnvergence rate mm/yr is give above
alpha assessed according to followin; df.tribution

percent: O 10 20 30 40 50
prob L e S S I B i St S et &
0.017860 0.15 *&&
0.142860 0.20 HRARARRARRRERAL
0.260710 0.25 fhkkbkhknkhRhbhhdkkrbkhbany) ok
0,2285)0 0.30 REANARAAARAAARARARRARL «
0.171430 0.15 SRR RFAARAARRRARS
0.114290 0.40 RERRRAERAAER
0.057140 0,45 ®kRmdnk
0.007140 0.50 *#

prob e S e i S S S
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GEOMATERIX

Magnitude distribution model not assessed - use AGGREGATE assessment
of the experts

exponential (0.23)
characteristi~ (0.41)
maximum moment (0.36)

Figure 1 shows the resulting distribution of recurrence estimates and

Figure Z shows the effect of choice of magnitude distribution model on
recurrence estimates,

The earthquake recurrence relationships shown in Figure 1 can be summarized
in terms of return periods for events of various sizes as fcllows:

Return Period (yrs) for avents of Magnitude 2 M
T

6 57 1
7 2500 270 6
8 2500 500 36
9 4400 1700 380

M%m_ﬁ_t%gm_m=
pdip - 125°W

Downdip = 70 km depth
Along strike - match observed seismicity pattern

Intraslab Maximum Magnitude:
Not assessed - use following AGGREGATE distribution

percent: 0 10 20 30 40 50
Prob  Mmax #--ccdrccmdrmccdrccndonnpecnapoccndunccdeccapennnd
0 041 6.60 ®xak%
0.030 6.75 %%xx
0.355  7.00 *Aetadhhhdd At Aot At ottt h Rt hddbkhts

0.219  7.25 S*tddtddddkdhhthtiddtd

0.345  7.50 SRRAARAARARARARARRARARRRAARAS AdL Ahik

0.000 7,75 *

0.010 8,00 *#

prob L e A ST T ST ST Ui S Sy

Intraslab earthquake recurrence:

Not assessed - use historical seisuicity, Figure 3 shows recurrence
relationship for deep earthquakes assumed to be occurring within
downgoing slab. This curve is bases on all recorded events not
inferred to lie within the North American plate.
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Expert 9
SUMMARY OF MODEL PARAMETERS

Slab peometry:
Approximately 10° dip througl deep seismicity

Convergence rate:
42 %10 mm/yr with the following distribution

percent: 0 10 20 30 40 50
Prob  mm/yr decccdemccdec g e e e e de e g g
0.05 30.00 ®ikkk#
0.30 35,00 AEAAARAAAAARRARARRARRARARARAAAR
0.30 40,00 AAAAAAAKRAARRARARAARRARRRARRARS
0.30 45,00 SARAREAAKARARARRAARRAKARAARAAAS
0.05 50.00 *&kk&k%

prob e e S ST ST T rere—

Sources and probability of activity:
Interface 0.92 20.8-1.05

Intraslab shallow 0.9
Intraslab deep 1.0

Maximum extent of rupture on interface:
up/down dip extent - 124.7°W to 122.7°W (0.8)
124.7°W to 122.0°W (0.2)
Along strike - Entire Zone (0.2)
Nootka to Blaanco (0.6)
Nootka to Blanco segmented at 46°N (0.2)

Interface maximum magnitude:
Use maximum rupture area
Entire zone - rupture area 178800 to 241200 - M
Nootka - Blanco 119200 to 160800 - M
Nootka - Blanco segmt at 46°N 59600 to 80400 - M

'

9.5
9.25
9‘0

=

Interface earthquake recurrence:
Use geological estimate of 430 yrs (%25%)
Use characteristic magnitude distribution model

Figure 1 shows the resulting distribition of recurrence estimates. The
earthquake recurrence relationships showi. in Figure 1| can be summarized in
terms of return periods for events of various sizes as follows:
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GEOMATRIX

Return Period (yrs) for events of Magnitude 2 M

Magnitude M Sth percentile 50th percentile 95 percentile
5 4 3 2
6 17 11 4
7 17 53 32
8 256 427 132
9 600 427 330

Location of intraslab events:
Match observed seismicity pattern up/down dip and along strike

Intraslab Maximum Magnitude:
Shallow zone use following distribution

percent: 0 20 40 60 80 100
prob L e e R e e et ST S T &
0.10 6.50 #kkikk
0.25 7.00 *EAkAA®kkkikik
0.5% 7.50 AARAAKARKRRKRAKRARKAAAXARAK KR
0.10 8.00 *k&kx%
prob e e A D B e St

Deep zone use following distribution

percent: 0 20 40 60 80 100
Prob  Mmax 4-ccedeccodocicdecccdoccgecncdennadec g cmndennnd
0.10 7.00 *&ktas

0.80 7.50 AAARRAARAKAKARAKRRARAARARARARAAARRAAKARAK
0.10 2 .00 #kkkkk
Prob  Mmax 4---cdeccodoccdcccdencdececdecndecadnnafenand

Intraslab earthquake recurrence:

Use historical seismicity. Figure 2 shows recurrence relationship for
deep zone. This curve is bases on all recorded events not inferred to
lie within the North American plate. Figure 3 shows the recurrence
relationship for the shallow zone based on the offshore recordings
within the Juan de Fuca plate.
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GEOMATRIX
Expert 10
SUMMARY OF MODEL PARAMETFERS

Slab geometry:

Approximately 10° dip through deep seismicity
Convergence rate:

35 = 30 nn7yr witt the following distribution

percent: 0 10 20 30 40 50
prob e B i S i e et B s S
0.25 35,00 AARARKARAARARAARKARRARRAAR
0.25 40.00 FEAKKXARKARARKXRARARRARRARAR
0.25 45.00 *AAAAKRAAAARKARRRRARRAAKAK
0.25 50.00 RAXAARAEARKAKKARAAARAARRAR
preb (W el sl ls SR Die S lie atble oL i sad e oDl TEL LS SET TS 2

Sources and probability of activity:
Interface 0.7 (0.6-0.9)

Intraslab 1.0

Maximum extent of rupture on interface:
up dip - 125°W
down dip - 30 to 40 km depth
Along strike - Nootka to Blanco

Interface maximum magnitude:
Maximum rupture area - weight 0.5

rupture area 116000 - HV_SAZQ

Age versus convergence rate - weight 0.5
M 8.3
w

Interface earthquake recurrence:
Use moment rate approach
moment rate=convergence rate*a*interface area
Convergence rate specified above
a specified by following distribution




probd
0.006250
0.050000
0.100000
0.150000
9.200000
0.233330
0.166670
0.083330
0.010420

prob

GEOMATRIX
-2-
percent: 0 5 10 15 20 25
B Wisacgrrchernchrsnohrastfonsafossafssnaheonslsn s
0.05 **
0.10 *&kfkdskikk
0.15 *EfRAhdtthhfodsdihshi
0,20 SARIAAKKLARARAARARAKAAARAA KRR
0.25 FERAARAARRARARAARAARARARAAAAARARARA AL AR Ak
R L e S P Y
0.35 *ERIRAAAKRAAKRKRRRARRRARRAAA KA L& &%
0,40 HEAAAKERAKALAAAS AL
0.45 *%%
M Sty e T ST T S S S S Sy

Use exponential magnitude distribution model

Figure 1 shows the resulting distribution of recurrence estimates and

Figure 2 shows
The earthquake

the effect of maximum magnitude on earthquake recurrence.
recurrence velationships shown in Figure 1 can be summarized

in terms of return periods for events of various sizes ay follows:

Magnitude M

VXN W

Return Period (yrs) for events of Magnitude 2 M
Sth percentile 30th percentile 95 percentile
4 1 0.2

17 5 1
88 27 6
500 170 61
a - 1930

Location of intraslab events:

Large events occur in depth range 30 to 60 km
Along strike - 0.5 weight to observed seismicity pattern

0.5 weight to uniform distribution

Intraslab Maximum Magnitude:
7.25 $0.25

Intraslab earthquake recurrence:

Use historical seismicity. Figure 3 shows recurrence relationship for
deep zone.

lie within the North American plate.

This curve is bases on all recorded events not inferred to
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GEOMATRIX

Expert 11
SUMMARY OF MODEL PARAMETERS

Slab geometry:
Approximately 10° dip through deep seismicity

Convergence rate:
42 10 mm/yr with the following distribution

percent: 0 10 20 30 40 50
prob  mm/yr 4----d-cccdeccodeccnpecccdecccdoannadacnafennnfanand
0.0% 37,00 HEkkkx
0.30 35.00 HAARAALAAAAKARKAAAARAR A AL ARL A&

0.30 40.00 AERAEAAAARAAKAARAR AR A AR AR AR K&k

0.30 45 .00 HEAKKAAAAARKAAAAAARRAARRA AR AR &k

0.05 50,00 %&#x&k&k

prob Sabids Sl s Sh it bt SEEES SEEEs Sttt SRR SRS S o

Sources a1d probability of activity:
Interface 0.9 20.8-1.05

Intraslab 1.0

Maximum extent of rupture on interface:
up dip extent - top of continential slope

down dip extent - 123°W
Along strike - Entire Zone (0.09)
Nootka to Blanco (0.91)

Interface maximum magnitude:
Use maximum rupture area
Entire zone - rupture area 122400 - Hu 9.25
Nootka - Blanco rupture area 81600 - Hv 9

Interface earthquake recurrence:
Use geological estimate of 430 yrs (%25%)
Use characteristic magnitude distribution model

Figure 1 shows the resulting distribution of recurrence estimates. The
earthquake recurrence relationships shown in Figure 1 can be summarized in
terms of return periods for events of various sizes as follows:

Return Period (yrs) for events of Magnitude 2 M

Magnitude M S5th percentile 50th percentile 95 percentile
S 5 4 3
6 19 15 11
7 85 68 51
8 284 227 177
9 670 533 400



GEOMATRIX

Location of intraslab events:
Match observed seismicity pattern up/down dip and alung strike. Large
events in depth range 40 to 70 km.

Intraslab Maximum Magnitude:
Use following distribution

percent: 0 10 20 30 40 50
prob S R e e it ST SR SIS ST SR SR S
0.30 7.00 AAAAKAAXAAAAARRARRAR AR AR AAAAAAE
0.33 7.25 KEAEAAREAKAAKAARARRERRARAA LXK ALk &k
0.37 7.50 EREAAAAARAAAARARAAARA AR AAAARAARAAAR AL RE
prob e e e e T ST S ey Sup S—

Intraslab earthquake recurrence:

Use historical seismicity. Figure 2 shows recurrence relationship for
deep zone. This curve is bases on all recorded events not inferred to
lie within the North American plate.
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GEOMATRIX

Expert 12
SUMMARY OF MODEL PARAMETERS

Slab geometry:
Model A - approximately 10° dip through deep seismicity (0.80)
Model B - approximately 10° dip with reverse bend (0.20)

Convergence rate:
25 to 40 mm/yr with the following distribution

percent: 0 1€ 20 30 40 50
Prob  mm/yr 4--cedeccedem e e afm e fmmm g
0.200000 25.00 AAKAKAAAKAARAAAKALARE
0.300000 30.00 AEAXAAAKXARAAARAAAARRAARAARRRAAL
0.300000 15,00 ARARAAARARKARARARARARAARAARRARS
0.200000 40.00 AERAXKXKARARAKAARAAARE
prob e e E e T T T TR SR

Sources and probability of activity:
Interface 0.2 (0.1-0.4)

Intraslab 0.95-1.0

Maximum extent of rupture on interface:
Updip - eastern extent of underplating - 15 to 20 km depth (equal

weight)
Dowrdip - S50 km depth
Along strike - Nootka to Blanco (0.7)
Nootka to Blanco segmented at tip of Vancouver I (0.3)

Interface maximum magnitude:
Not assessed - use AGGREGATE distribution

a) 0.55 weight assigned to estimate from maximum rupture area
Model A - unsegmented area 106400 to 124800 - Hu 9.25
segmented area 86450 to 101400 - Hv 9 to 9.25
Model B - unsegmented area 138400 to 161600 - M 9.25
segmented area 112450 to 131300 - M" 9.25
b) 0.45 weight assigned to following distribution

percent: 0 10 20 30 40 50
prob Mmax 4----docomdoccdoc oo i e adomnd
0.073333 7.50 %kEkkikks
0.073333 1.75 ®fkkkiik
0.073333 8.00 %%kkkisk
0.390000 B.25 HAAKRAARAAAAARAKAAARRA AR R AR hb kLt hfdhhk
0.098333 8.50 Aftkfkikkihkis
0.083333 8.75 kkkkkhikik
0.083333 Q.00 REk&kikkakkk
0.083333 Q.25 HhAskkhid
0.041667 G.50 %*k&ik

prob i e e S S TR Akt S S
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GEOMATRIX

Combining a) and b) the distribution over all maximum rupture

geometries is

percent:

prob Mmax

0.033000 )
0.033000
0.033000
0.175500
0.044250
0.037500
0.103500
0.521500
prob

Interface ear~hguake recurrence:

Use moment rate approach
moment. rate = convergence rate ¥ a * interface area

Assessed distribution for convergence rate mm/yr is give above
assessed distribution

percent:

prob
0.100000
0.600000
0.127550
0.048980
0.040820
0.032650
0.024490
0.016330
0.00816
0.001020

p1

e estimat
n recurrence
ffect of ch

3, and Figur

urrancs

perioas




GEOMATRIX

Return Period (yrs) for evenis of Magnitude 2 M
2ih percentile 20th percentile 95 percentile
10000 42 1
10000 148 .

J
10000 17

ation ol intraslab events:
Updip, downdip extent, and along strike
0.95 weight - match observed seismicity pattern
0.05 weight - uniform

Intraslab Maximum Magnitude:

Not assessed - use AGGREGATE assessment of other experts

|

prob Mmax uhnh ok
0.04]) 6.50
0.030 6.7:
0.355
0.219
0. 345
0.000
0.01(
prot

percent: 0 10
*, -

Intraslab earthquake recurrence:

Use historical seismicity. Figure 5 show ecurrence relationship for
deep earthquakes assumed to be nccurring within downgoing slab. This
curve is bases all recorded events not inferred to lie within the

North American plate.




GLOMATRIX

o ———— e e T y—p—y—— v — v «Jdl-lqlﬂla - - e ey e e e ,..l,
L) '

R J
i .

- e e ey o
} > -
! ¥ - i D
] -~ i )

o

G
N
N\
L
l',r [_ 'd

\
r

\\
"

\
R

aietributss

(e

N
N\
i
|
‘:
e
Maanitudas

N
W\

4
\?\S’ A
.
\
yA
e
.
N
ecurrenc

~
5%

A

)
Estinated re

bl kil k& — hibedisleid ik B L—hh»h- A -bPhrx-. A T & bb\PhFPrh b &

111 Tl N co.u
- 4 " -

i 1 i |

o Q o (o)

L ad — L o

-

-

0

Kovenbald [DMULY eagoIreLInT




GEOMATRIX

e 7 B im0 Wy ey —— — Py ——y v ] v - T e oy
= TP
7”7
- 7’
’ —
F
r
'\\V\
/
2 \\ 1
/s
. \ 3
\.
? /
A
L - \ll.'ll.'u....l|-'x-.ln\ulﬁul:!-,d‘ollt..,“41--...;‘,‘.4
= ¥ \\
T ’ ;
rlaa ” \\
- o e & -
> g /
(] 4 F
> r- 4
P p
’ \\
' ’
t L4 4
4
ﬁ , v
) 7
’ /
P :
-
.- ” —
.
’
’
7 7
’
- ‘ 1
’
s
; _
- |
haa 4 J
Ll A 4 \l[bbbb}\hxf L s \—bh- Ll A A x-PP»Ph A 1 ~—-P- LA A L —Cbh—rh |
- 4 ” b
o - 1 \ f h . ¢
- Q o o o )
L and L d -— R v

Kousnbau g DNULY FAGDINULING

O

taagmtuda

v

Wt xpert

{

)
154
AT

2
L

)
-

flect of Max Maority

> B
&

3
.

Flgur.




2
x
-
q
b
0
w
0




T — e g+ v e g

GEOMATRIX

e T

H:;:Jni(u:!e

ormetry

|
Modai ~
Madal 8
J o':

— «©

bhh-hh- A A —PbPF\-h . ' - —n-b-b i i PP»P»- A s A uy < i

. ™
J —
s

L ]

1073
107

4
1
o

10

Louanbas 4 onuuy eagoinuing




Annucl Frequency

GEOMATRIX

FIGURE &  B-value -
Deep Zone

200 Y
100 - -
s0 [ -
@ d
20 + .
10 3 -
3 -
5 | *
2 F -
I -
x B 3
2 } -
W E— .
- R
- R
U . S -
F o
02 ¢+ R
01 -
005 F ]
002 ¢+ .
n%‘ l 1 1 ' - J_ oA l A l " 3 J K | J A
0 1 2 X 4 5 6 7 g

Magnitude



GEOMATRIX

Expert 13
SUMMARY OF MODEL PARAMETERS

Slab geometry:
Approximateiy 10° dip throug'!. deep seismicity

Convergence rate:
Following distributior issessed

percent: 0 1V 20 30 40 50
prob  mm/yr 4---=4 - codoc- drenodocoadocacdeoccadoceofananpanant
0.08 20.00 #kkskd

0.30 30.00 KEKRER RAKSS R ARRRARAARRRKSRAR

0.30 40.0f ChEtkdn AP ARARRAAKARRRARA AR

0.30 P | AxRERRRARERAARRRRRRR AR AR RAAL

0.05 .00 Rixkkis

preb e S S e S T e S e

Sources and probability of activity:
Interface 0.05 zt0.0SS renormalized to 0.0075 for events > M 5.0

Intraslas 0.8 (#0 1)

Maximum extent of rupture on interface:
Updip - 15 to 20 km depth
Downdip - 40 to 50 km depth
Alang strike - Nootka to Blanco

Interface maximum magnitude:
Assessed distribution

percent: 0 20 40 60 80 100
prob T T e S e e S T S i 2
0.50 4.00 KEekARAAARAKARAAARARARRANAR
0.30 5.00 ExRkrAkkAAAkkRAR
0.15 6.00 HkkkkAkkk
prob B T T S e e e S e S

Renormalized distribution for events > mag 5

percent: 0 20 40 60 80 100

prob T R T S e S S e S e e S
1.0 6.00 KEAKKARRAAARRAAARARARARRRARREAARCRARARARRARARRRRAAK
prob S e ST S e e e S e

Interface earthguake recurrence:

Not assessed - use moment rate approach as Mmax to sma.l to produce
geological evidence

moment rate = convergence rate ¥ a * interface area
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Assessed distribution for convergence rate mm/yr is give above
alpha assessed as follows

percent: 0 10 20 30 40 50
prob a i St B e e S S e e SR S
0.30 0.00]1 AAARKAAAKARAKAXRAARERARARLARARE
0.40 0.050 FAARAKARAAARRAAAARAARAAAREARRKARKARARARAR
0.30 0.100 *Ekkkkhhkdhhththetthihhhhthis
prob e T S i St et S e S s =

Magnitude distribution model not assessed - use AGGREGATE assessment
of the experts

exponential (0.23)

characteristic (0.41)

maximum moment (0.36)

Figure 1 shows the resulting distribution of recurrence estimates, Figure 2
shows the effect of variation in magnitude disiribution model on recurrence
estimated using the moment rate approach.

The earthquake recurrence relationships shown in Figure 1 can be summarized
in terms of return periods for events of various sizes as follows:

Return Period (yrs) for events of Magnitude 2 M

Magnitude M Sth percentile 50th percentile 95 percentile
5 1 0.1 0.02
6 3 0.4 0.1
7 - - .

Location of intraslab events:

Use observed seismicity pattern, 90% of large events in 50 to 90 km
depth range

Intraslab Maximum Magnitude:
Assessed distribution as follows:

percent: 0 10 20 30 40 50
prob T e e S et St S S e S SR S
0.45 6.50 AERREAKKAAXRAAKAKRARARAAKAARAARRAARRARR AR ARARL
0.40 7.00 KERARRARKARKLARRARARAREARRARRARRARAARRRAK
0.14 7.50 fkkkkhdhtkikihk
0.01 8.00 **
prob e T S e e S e T Ty ST

Intraslab earthquake recu:rrence:
Use historical seismicity. Figure 3 shows recurrence relationship for
Jaep earthquakes assumed to Le occurring within downgoing slab, This
carve is baseg on all recorded events not interred to lie within the
North American plate.
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Assessed distribution for convergence rate mm/yr is give avuve
alpha assessed as follows

percent: 0 10 20 30 40 50
prob a e B S S S e SR =
0.30 0.00] HARXRAKALAARAKARARKRRAK CARKARAR
0.40 0.050 AEAKARARRRARRRARARARAAA LARKRARRARARAL R AR
0.30 0.100 *ARAXAAKAARAACLAARRAAAR CARARAKR
prob e e S et S S e e

Magnitude distribution model not assessed - use AGGREGATE assessment
of the experts

exponential (0.23)

characteristic (0.41)

maximum moment (0.36)

Figure 1 shows the resulting distribution of recurrence estimates, Figure 2
shows the effect of variation in magnitude distribution model on recurrence
estimated using the moment rate approzch.

The earthquake recurrence relationships shown in Figure 1 can be summarized
in terms of return periods for cvents of various sizes as follows:

Return Period (yrs) for events of Magnitude 2 M

Magnitude M Sth percent.ile 50th percentile 95 percentile
5 1 0.1 0.02
6 3 0.4 C.1
7 . - J

Location of intraslab events:

Use observed seismicity pattern, 90Z of large events in 50 to 90 km
depth range

Intraslab Maximum Magnitude:
Assessed dis“vribution as follows:

percent: 0 10 20 30 40 50
prob Mmax 4----4-==-doccapocnn e S e St
0.45 6.50 AEMAXAAARAKARRKRANAARRAKRAARRARKARARAARALAAR AR
0.40 7.00 EAAARKAAARCARCAAARARARARRARRARR LR AR AAKR
0.14 7.50 fkkkkkhkkkkhidk
0.01 8.00 **
prob e S e e e e T TR SRS 2

Intraslab earthquake recurrence:
Use historical seismicity. Figure 3 shows recurrence relationship for
deep earthquakes assumed t> be occurring within downgoing slab. This
curve is baseg on all recorded events not inferred to ile «“ithin the
North American plate.
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GEOMATRIX
Expert 14
SUMMARY OF MODEL_PARAMETERS
Slab Geometry:
Two dips: Model A - 9° to 10° (0.35)
Model B - 20 to 25° (0.65)
Convergence rate:
The a..essed distribution for convergence rate mm/yr is
percent: 0 S 10 15 20 25

prob LY e e |
0.012500  10.00 **#%
0.0250C0 15,00 *&k&kx
0.062500 20.00 *kkkkkkkihkik
0.100000 25.00 FERRERRAKKAEAARR A ALK
0.150000 30,00 KEKAKKRKEAKKXARARKRAAASARARAAAR

0.200000 35,00 RARARKARAAKARRRAARARRRERRAAARRRARAARARKAR
0.175000 40 .00 ErRARARRAAAKRAARRARARRRARARRARARRRAR
0.150000 45.00 *EARRAARARAARARARSRARARAAARARAR

0.100000  50.00 *A*Akkssikdhhdhhohhss
0.025000 55.00 *&kkkkk
prob e BT S S S e S i

Sources and probability of activity:
Model A - Interface 0.35 ($0.15)

Intraslab 1.0

Model B - Shallow Interface 0.25 ($0.15)
Deep Interface 0.3 (20.1)
Intraslab (Juan de Fuca) 0..
"deep zone" beneath Puget Sound 1.0

Maximum extent of rurtuie on interlace:
Model A - Updip at 125°
Downdip at depth of 50 km
Along strike - Nootka t) Blanco (0.8)
Nootka to Blanco segmented at 47°N (0.2)
Model B - Updip @z¢ 125° both interfaces
Downdip at depth of 50 km both interfaces
Along strike - Nootka to Blanco (0.8)
Nootka to Blanco segmented at 47°N (0.2)
shallow interface exists only north of 47“N

Interface Maximum Magnitude:

Shailow interface - 8 ($0.25) Model A, 7.25 (#0.25) Model B resulting
in fellowing distribution
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GEOMATRIX
-2-
percent: 0 10 20 30 40 50
prob L F R e e e e e S R S s
(1.214500 7.00 *fkkskfdtnd dhthhhidk
J.221000 7.25 SAkARAAkARAAAAREAARARLS
0.291500 7.50 HAARRRXARAARXCLALARAARLARAR RN
0.0770n0 7.75 Skkkidkdhk
0.077000 8.00 Hfkikfikhhk
0.059500 8.25 Ekkikkik
0.059500 8.50 kxkkkik
prob B e e Sl S Y SRaT Y SORpEpUpEEY SEN R A}

Deep interface - 8 (£0.25) Model B resulting in following distribution

percent: 0 5 10 15 20 25
prob L R e e i ST T TAu SRS
0.220000 7.50 RERKARAARAAARAARRRRAARRRRRAARAARAARRRARRARR AR
0.220000 7.75 RARAKAKARAKARKARRAAN AR RARKAARARRRARARRARAARAL
0.220000 8.00 AAAARKAAASAARARRRARARKRARAARARRARAARALAARRARES
0.170000 8.25 KARAKF IRAARARRARRARRRARRRRAARAARKRR
0.170000 8.50 HUFARRAAKAKRAARAKARARARARAARRRR AR AR
prob e e i Sttt TR ST SR SNPGRS SR

1t~ .iace Earthquake Recurrence:
Use moment rate approach with:
moment rate = convergence rate®a*interface area
a assessed according to following distribution

percent: 0 20 40 60 80 100
prob a i S S T LT TTupu— $ocecd
0.200000 0.05 kRkkkikhdik
0.600000 0.10 SAARARKAASARAARARCARAARAARKRAKK
0.200000 0.15 ‘th&kdhkdkdik
prob R e e e B S T LTy sampe

Use "maximum mcrant" magnitude distribution

Attached Figure 1| shows the resuiting distribution of recurrence
estimates for interface events. Maximum event magnitude is assumed *o
be uniformly distributed in the range of the expected maximum
magnitude given above * 0.25 magnitude units. Figure 2 shows the
effect of choice of maximum magnitude on recurrence estimates and
Figure 3 shows the differences between Model A and Model B,

The recurrence rstimates shown in Figure 1 can be summarized in terms
of return period for various siz. events as follows

Return Period (yrs) for events of Magnitude 2 M

Magnitude M S5th percentile 50th percentile 95 percentile
S 260 33 8
260 33 8
7 260 34 8
8 -

427 G0



GEOMATAIX

Location of intraslab events:
Model A - between 122°W and 124°W
Model B - "deep zone" between 122°W and 124°W

Along strike - match observed relative frequency
for Model B "deep zone'" exists only north of 47°N

Intraslab Maximum Magnitude:
Model A and "deep zone" for Model B - 7.25 to 7.5
Model B - not assessed

Intraslab Earthquake Recurrence:
Historical seismicity used to .ompute a- and b-values for exponential
model. For intraslab events in Model B the seismicity rate was
estimated from offshore events w thin the Juan de Fuca plate away from
the spreading centers and fractur: zones. Figure 4 shows the
recurrence relationship used for tYw intraslab events in Model A and

the deep zone in Model B. This cuive is bases on all recorded events
not inferred to lie within the Nort.. American plate. Figure 5 shows

the recurrence relationship for the offshore Juan de Fuca plate used
to model the intraslab recurrence for Model B.
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ATTACHMENT 2

Assessments Made bv Individual Experts

(These are the Phase I assessments

included previously in this
appendix. )
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Summary of Aggregate Expert Assessmenis
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SUMMARY OF EXPERT ASSESSMENTS
FOR SUBDUCTION ZONE STISMIC SOURCES

The logic tree format developed to model the subduction zone sources is
shown in Figure 3-1. The logic tree progresses from an assessment of the
geometry of the subducting slab to assessment of specific analysis para-
meters for individual sources. The assignment of parameter values and their
relative likelihoods for the subduction zone sources was based on the inputs
from 14 experts. The individual assessments of each of the experts are
documented in Appendix A and are outlined in Table 3-1. The assessments
made for each component of the hazard model are summarized below.

Crustal Geometry
All of the experts provided an assessment of the cross sectional geometry of

the subducting Juan de Fuca plate. Most of the experts provided only a
single assessment consisting of the plate dipping at approximately 10° and
extending through the zone of deeper earthquakes lying at depths of 30 kam or
more beneath the site. Three experts provides alternetive geometeries
consisting of a more steeply dipping interface with a possible remnant slab
or secondary interface in the vicinity of the observed deep seismicity. Two
experts provided a slight modification of the 10" dip consisting of a flat
lying slab with a double bend (see cross section for expert 6 in Appendix A
as an exauwple). Figure 3-2 presents the aggregate distributions for slab
geometry.

Seismic Sources
All of the experts identified the Juan de Fuca - North American plate inter-
face and the subducting Juan de Fuca plate as potential sources of thrust

and intraslab normal events, respectively. Several experts also identified
potential sources in the overlying North American plate. Evaluacion of the
hazard from these crustal sources was included in the shallow crustal source
model .
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Prot hility of Source Activity

All of the experts made an assessment of the probability that the plate
interface and the subducting slab are seismogenic. Figure 3-3 shows the
distribution of assessments of activity for the intraslab and interface
sources. The assessments for the intraslab source are generally at or near
unity based on the past record of seismicity. The assessments for the
interface range from near zero to near 1.0 with a nearly uniform distribu-
tion and an equal weighted average of 0.49., It should be noted that tho
that an adjustment was made to the assessments of experts ! and 13. As
indicated in Table 3-1, column 5, these two experts have probabilities of
0.9 and 0.85, that the maximum magnitudes for the interface is M, 5 or less.
All other experts made the assessment of activity in terms of the probabil-
ity of the interface being able to generate tectonically significant events
(M,>5). To put the assessments of activity of experts 4 and 13 on a
consistent basis 'lhey were adjusted to values of 0.075 and 0.0075,
respectively, and their maximum magnitude distributions renormalized to
include only magnitudes larger than L

All but two of the experts assigned a value of unity to the probability that
the intraslab source, as represented by the deep zone of seismicity is

active.

Location of Ruptures

The experts provided assessments on the limits of eartnquake ruptures, both
along the length of the subduction zone as well as the up dip and down dip
extent, Figure 3-4 provides histograms summarizing the responses obtained.
Most experts considered the maximum limits of coherent rupture along the
interface to be the boundary with the Explorer plate at the Nootka fault
zone on the north and the boundary with the Gorda plate at the Blanco frac-
ture zone on the south (see Figure 3-5)., Several experts considered further
segmentation of the interface to have some credibility, with a segment
boundary generally in the vicinity of 46°N. The assessed minimum depth of

rupture along the interface ranged from 5 to 25 ka and the maximum depth of

rupture ranged from 35 to S50 kam.
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A majority of the experts stated that they expect the future distribution of
intraslab events to follow the observed puattern of historical seismicity
with the majority of events occurring generally beneath Puget Sound. Alter-
natives considered included completely uniform seirmicity within the down-
going slab or a concentration of larger events at deeper depths. Figure 3-4
shows the aggregate distribution for seismicity distribution.

Maximum Magnitude

The experts that assessed maximum magnitudes for the interface either made a
direct assessment or specified that it be calculated frum the maximum rup-
ture area assessed above using the relationship proposed by Wyss (1979).

The ten experts that provided an assessment of maximum magnitude for the
interface were nearly e' :nly split (0.55, 0.45: one expert using both
methods) between the use of maximum rupture dimensions and a direct assess-
ment of the maximum magnitude on the basis of analogy with other subduction
zones or other techniques for magnitude estimation. The aggregate distri-
bution shown in Figure 3-6 is for those who made a direct assessment, and is
thus conditional on the direct assessment procedure being the correct
procedure. If an expert did not assess interface maximum magnitude, then
the marginal distribution used to represent the aggregated opinion of the
other experts consists of 0.55 weight assigned to the magnitude value
obtained from the experts assessment of maximum rupture dimensions and 0.45
weight assigned to the conditional distribution bases on direct assessment.

The distribution shown at the top of Figure 3-6 has a lerge probability of
0.38 assigned to a maximum magnitude of 6. As this represents, the judge-
ments of two of the experts based on specific reasoning, it is an appropri-
ate distribution for use in component level aggregation. However, it was
Judged that this assessment is significantly lower than would be obtained
from a general population of scientists familiar with subduction zone earth-
quakes ard those experts who did not make any assessment of maximum magni-
tude for the interface would, nevertheless, be likely to assign a much lower
probability to a maximum magritude of 6. Accordingly, the conditional
distribution used for those experts who did not assess maximum magnitude was

modified from that shown at the top of the Figure 3-6 by removing the
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assessments for very low magnitudes and renormalizing. The resulting
distribution is shown in the middle of Figure 3-6.

Tie meximum magnituue for the intraslab source was assessed by 11 experts on
the basis of historical seismicity and analogy with other subduction zones.
The aggregated distribution is shown at tune bottom of Figure 3-6.

Earthquake Recurrence Method
All experts who made an assessment of earthquake recurrence preferred to use

historical seismicity data to define the recurrence parameters for intraslab
events. These parameters were used for ail experts. Recurrence estimates
for the plate interfuce were assessed either on the basis of a moment rate
approach or on the basis of geologic evidence for the frequency of large
events. In aggregate, the experts favor the moment rate approach slightly
more than the presently available geologic date by the ratio 0.58 to 0.42.
If an expert did not maks an assessment of earthquake recurrince for the
interface, then both methods were used with the given weights,

Geologic Recurrence Rate

Five of the erperts chose to base the recurrence estimates for interface
events solely or partially on geologic evidence for possible paleoseismic
events, primarily the data on turbidites. Figure 3-7 presents the aggre-
gated distributions for return period of large .nterface events. The
distributions are tightly clustered about the estimate of 430 years given by
Adams (1985).

Convergence Rate

All of the experts made an assessment of convergence rate with cost basing
the assessment on the rate estimates published by Riddihough (1984) and
Nishimura and others (1984). Those experts that made a direct assessment
generally gave a wide distribution of values with a mean value somewhat
lower than the published estimates. Figure 3-8 shows the aggregate
distribution for convergence rate estimates.
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Seismic Coupling

Figure 3-8 shows the aggregate distributions of the amount of seismic coup~
ling between the Juan de Fuca and North American plates. Most of the
experts gave a wide distribution for the amount of coupling with expert )
giving a zero/one bimodal distribution.

The combination of the plate interface area, the convergence rate and the
amount of seismic coupling provide the rate of release of seismic moment .
For an interface length of 800 km, an average width of 150 knm, a conver-
gence rate of cm/yr and an aggregate mean of 0.4 for seismic coupling gives
a moment rate of 5.76 x 10%% dyne-cm/yr. Assuming all of the moment is
released in magnitude 9 events, a moment rate estimate of approximately 700
years would be obtained for the return period of these events.

Recurrence Model

Three recurrence models for the form of the magnitude distribution were usbd
for interface events in the analysis: the truncated exponential distribu-
tion, the characteristic magnitude distribution, and the maximum moment
distribution. Figure 3-11 illustrates the cumulative form of these three
distributions and compares how they would estimate the frequency of smaller
earthquakes when the absolute level of seismicity is fixed by the frequency
of the largest events. The aggregated distributions of the experts yielded
probabilities of 0.23, 0.41, and 0.36 for the exponential, characteristic,
and maximum moment models, respectively.




Potential Probabitity of
u-—mm_——_m.um___
LAl quﬁnm (0.2) ntra-siab (a) 10 la)
15° ¢ip (05) ntertace () 04025 - 085 Iv)
25° dip (0.3) Deep events® (for 15° & 25° dips) le] 10 fe)
MM““'.”'MM 01 +-015 lg)
[} ?.d“m ntre -stab (o) 06 ~0" (a)
latertace (b) 08 (07 - 088 (b}
3  Top of deep selsmicity ntra-sied (o) 10 (o)
ntertace (b) 06 (05 - 08 (v)
#4  Top of deep seismicity ntra-slad (o) 10 [a)
intertace (b) 075 (20.25) [v)
" n.ummu.t-on) ntra-sisd (a) 10 (a)
|7'-”’~M-‘. intertac 4 [b) 05 (205) [v)
”"” YQC“M.“M"J) ntra-siad {a) 10 fa)
interface (b) 0.65 (£0.15) (&)
Top of deep seismicity, doubles bend (0.3)
7 Top of desp seismicity (0.7) intra-stad [a) 03 (202) [v)
Plate intertace (b)
" Top of deep seismicity intra-siab (a) 10 (o]
interface [b) 04 - 08
028 - 0.7C' (n)
% Top of deep ssismicity intra=sieb to S0Lm dept™ (a) 09 (a) s o.n
Intra-sist $0 - 7Skm (o) 10 ) ;:::
Intertace (c) 3-3.& ’u LT
Strike-sip faults in upper plate (4] 0 o) w024 70 @y
Accretionary wedge favits (a] 10 () a:g ’
Tears in down-going sleb (1) 10 (o)
Oimension: [c)
72 fdl
758 |
Loy |
10 Ton of deep seismicity intra stab [a) 0 (a) 7174 (214)
intertace (o] 07 (06 ~ 09 (b) Dimensions
43 (0.8)
o Top of deep seismicity intra-siad (a) 1.0 (a) 7 =72 4
intertace [b) 08 e~ 10) In) Dimensions (3)
Deep crustal source [¢) 10 (e} 7172 le)
AN Yud“m.lmmﬂ Intra-sied (o) 095 - 10 [a) 27174 [a)
Top of deep seismiciry, double bend (0.2) Intertace [d) 020 -0qm)
#13  Top of deep selsmicity Intra-siab (3] 08 (£0.4) (a) €5 (0.45)
Intertace (b) 00% (£0.0%) o) ;: :t‘q la
80 001
408
4+ 8 ‘m
6 (015)
LAl Top of deep seismicity (3 35) nira-slab (shatlow dip mode!) (4] 10 (a) 225 - 75 (sl
Steeper dip (065; ntertace (shallow dip movel) (d) 0.3% (£0.19) (&) & (08 [b)
Shallow interface (steep dip model) {c] 025 (20.18) fc} 725 (20.2%) ic)
Deep unertace (steep dip model) () 33 (201) (el 75 -80S
flemnant siab (steep dip model) [e) 10 (e} -5
Deep intra-stad (steep dip model) (1] 10 It} 725 - 75 el
Accraimnary wedge (g) 07 (20 ig) 7 (2029 ig)
S

Tears in siab (h)

005 (2005 (n)




OF EXPERT INTERVIEWS
Convergence Selsmic Recurrense Geologic Recurrence
Rate (mevym -_nmm___m_ Model Large Earthquakes ()
30 (t vy Historicsl selsm. ity (o, ¢) “0 @5 - 066) Exponentisl (s b) -
Momaent rate [b) A0S - 03y Mex. moment given & = | [b)
3 15 oy Geologic (0.3 confidence) (b) - - ~430 [b)
20 - 25 g
30 wn
tof o) 40 (t19) Historical selsmicity (b) 066 Exponential (a) 400 (200 ~ 2,000) (8]
port of a) Geologic date (b) Characteristic (b)
hod (a) 00t (0 - 0. - -
: :? Historical seismicity (1] 15
40 0.05)
40 (25 - ) Historical seismicity (a) - Exponential (a) -
10~ 20 004 Historicel seismicity (a) 05 [t0.15) Expcnential (a) 430 (o)
- {04  Geslogic dats (05) o) Expcnential (0 5) (b)
40 -4 o Moment
Q-5 04 rete (0.5) [v) Characteristic (0.4) [b)
S0 - 80 (0.02)
42 (1) Historical seisnucity (a] W o Expor entisl (a] .y
40 (210 - 15%) - 025 (02 - 09) - -
42 (tw) Wistorical seismicity [abdeat] 07 (08 - 1.0) Exponential lab.det) 430 (225%) le)
Charactedistic [c)
Geologic data [c]
!
35 - %0 (t19) Mistorical seismicity [a) 03 0 -~ 08) Exponential (a.b] -
42 (20) Mistorical setsmicny [ac) - Exponential lac) 2300 (b)
Geologic data [b] Characteristic (b) 2150 [l
30 - 35 (25 - 40) Mistoricsl selsmicity (s] 01005 - 08) Exponential (o) -
Moment Rate [b)
43 (119)  wistoncel sebamicity (a) 008 (£0.0%) Expone st () - "l'[
APERTURE
CARD
:-: ::) Mistorical setsmicity [a.0.1] 01 (t00%) Exponenial [aat) ¥
N Moment rate (b.cdgl Max. momaent [be.dg)
o = 0n Also Avallable Oy
i, L. Apertme Card
= L e A - D
gyoho400e] - ~




=

GEOMATRIX

sions

these

xperts devel« se 14 : e geometry

¥

lab beneat




=

EXPLANATION TO ACCOMPANY TABLE 3-1 (cont'd) RE—

expert indicates that the rupture dimensions th.t he specified be used to
calculate a magnitude {i.e., he did not provide a maximum magnitude esii-
mate directly). See Section 2.1 regarding "location of rupture" to see how
the rupture dimensions were estimated.

Convergence Rate
The relative rate of coivergence measured parallel to the convergence

direction between the North American and Juan de Fuca plates is given in
millimeters per year. In some cases, ranges are given or discrete values
are given with associated relative weights.

Recurrence Method

The manner in which the experts desired to have the earthquake recurrence
rate specified is given in this column. Examples include recurrence based
on the historical seismicity record, geologic data for recurrence inter-
vals, or seismic moment rate. The seismic moment rate approach (described
in Section 2.1) utilizes the estimates of convergence rate and seismic

coupling.

Seismic Coupling (a

Seismic coupling is the percentage of the total convergence rate that is
expressed seismically. Therefore, 1f the coupling is very high (a = 1.0),
then all of the convergence rate will be expressed as earthquakes I
the seismic moment rate from seismicity will be equal to that based on
convergence rate). An a = 0 means that convergence is occurring

aseismically (i.e., there is no seismic coupling).

Recurrence Model

The recurrence distribution function is specified in this column. Models
requested by the experts include an exponential magnitude 'i . ribution
(i.e., log N = a-bM); a characteristic magnitude distributien (Youngs and

Coppersmith, 1985); and a maximum moment model (Wesnousky, 1983).
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[Note to readers of Appendix A: Reprint copies of the following references
wvere supplied to the experts., Their citations are given below. ]
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