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PREFACE

The National Earthquake Prediction Evaluation Council (NEPEC) was
established in 1979 pursuant to the Earthquake Hazards Reduction Act of
1977 to advise the Director of the United States Geological Survey (USGS)
about issuing any formal predictions or other information pertinent to the
potential for the occurrence of a significant earthquake. The Director of the
USGS is responsible for deciding whether and/or when to issue predictions
or other information pertinent to a prediction.

A prediction is defined as a statement on the time of occurrence, location,
and magnitude of a future significant earthquake including an analysis of
the uncertainty of those factors. NEPEC advises the Director concerning the
completeness and scientific validity of the available data and on related
matters. Duties include the evaluation of predictions made by other
scientists, from within or outside of government, rather than issuance of
predictions based on data gathered by NEPEC itself.

According to its charter, NEPEC, also referred to in this document as the
Council, is comprised of a chairman, vice chairman and from 8 to 12 other
members appointed by the Director of the USGS. The chairman may not be
a USGS employee and at least one-half of the membership must be other
than USGS employees.

NEPEC generally functions through the use of working groups organized
by the USGS at the request of NEPEC. Working groups often include
representatives from private industry, academia, and the USGS. Members
of NEPEC who participate in a working group do not vote during NEPEC's
evaluation of the results of the working group. After concluding its
evaluation, NEPEC presents its recommendations to the Director, who
bears ultimate responsibility for a decision concerning issuance of a
prediction or other information.

The USGS has published the proceedings of previous NEPEC meetings as

open-file reports; these reports, listed on the following pages, are available
from the USGS Open-File Distribution Center in Denver, Colorado.
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ANNOTATED LIST OF NEPEC PROCEEDINGS VOLUMES
(Starting with most recent meeting)

Frizzell, V.A,, Jr., 1992, Proceedings of the National Earthquake Prediction
Evaluation Council: June 11-12, 1991, Alta, Utah: U.S. Geological
Survey Open-File Report 92-249, 35 p., plus appendices.

Contains materials presented during an extensive review of the state of
knowledge of the Intermountain Seismic Belt, as well as shorter
discussions concerning the Parkfield Prediction Experiment, probabilistic
prediction methods, the status of research in the Pacific Northwest, and
probabilities in Southern California.

Updike, R.G., 1990, Proceedings of the National Earthquake Prediction
Evaluation Council: U.S. Geological Survey Open-File Report 90-722, 36
p., plus appendices.

Contains proceedings from three Council meetings:

The January 11-12, 1990 meeting in Berkeley, California, contains
discussions concerning the scope, focus, and future strategy of the Council
with both proactive and reactive functions in mind, and several
presentations, including an alleged prediction of the Loma Prieta
earthquake, VLF observations before that event, the status of the report on
San Francisco Bay area earthquake probabilities, and statistical models for
aftershock probabilities.

The April 30 to May 1, 1990, meeting in Menlo Park, California, addressed
the report being prepared by the Working Group on Bay Area Earthquake
Probabilities, including discussions on changes for the 1988 probabilities,
methodology, logic tree, and resolution of points of contention, a report on
short-term earthquake alerts for the southern San Andreas fault, and
aftershock probabilities.

The June 6, 1990, meeting in Menlo Park, California, involved preparation
of final recommendations regarding the newly completed report by the
Working Group on Bay Area Earthquake Probabilities, released as U.S.G.S.
circular 1053, entitled "Probabilities of Large Earthquakes in the San
Francisco Bay Region, California.”

Updike, R.G., 1989, Proceedings of the National Earthquake Prediction
Evaluation Council, June 6-7, 1988, Reston, Virginia: U.S. Geological
Survey Open-File Report 89-144, 25 p., plus appendices.

Contains materials related to two Soviet algorithms of earthquake
prediction (CN and M8) by determining patterns to diagnose "times of
increased probability”. Also includes discussion of the final report by the
Working Group in California Earthquake Probabilities.
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Updike, R.G., 1988, Proceedings of the National Earthquake Prediction
Evaluation Council, February 1-2, 1988, Menlo Park, California: U.S.
Geological Survey Open-File Report 88-438, 21 p., plus appendices.

Contains presentation of report by Working Group on California
Earthquake Probabilities that resulted in 1988 USGS Open-File Report 88-
398 entitled "Probability of Large Earthquakes Occurring in California or
the San Andreas Fault." Also contains shorter discussions of seismicity in
Alaska, planning for future meetings, and the status of predictions based
upon pattern recognition methodology.

Shearer, C.F., 1988, Minutes of the National Earthquake Prediction
Evaluation Council: April 2 and 3, 1987, Seattle, Washington: U.S.
Geological Survey Open-File Report 88-37, 332 p., plus appendices.

Contains a review of the long-term earthquake potential of subduction zone
earthquakes in the Pacific Northwest, reports on a field review and the
response plan for Parkfield, and a discussion concerning expanding a
working group to assess the likelihood of a great earthquake in Southern
California in the next few decades.

Shearer, C.F., 1987, Minutes of the National Earthquake Prediction
Evaluation Council, November 17-18, 1986, Monterey, California: U.S.
Geological Survey Open-File Report 87-361, 69 p., plus appendices.

Contains a review of central San Andreas fault predictions, a review of the
Parkfield plans, a discussion of the intermediate-term earthquake
prediction conference, and future activities.

Shearer, C.F., 1986, Minutes of the National Earthquake Prediction
Evaluation Council and the San Francisco Bay Region Special Study
Areas Workshop: February 26 - March 1, 1986, Menlo Park, California:
U.S. Geological Survey Open-File Report 86-630, 299 p., plus appendices.

Contains the proceedings of the Council and a summary of the San
Francisco Bay Region Workshop convened to consider the requirements
and potential locations for detailed earthquake prediction studies. The
Council discussed the workshop, Parkfield Prediction scenarios and
response plans, a proposed red book on intermediate term precursors,
reports on the Mojave, San Jacinto, and Indio segments, and an
assessment of the Wyss-Burford prediction.
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Shearer, C.F., 1986, Minutes of the National Earthquake Prediction
Evaluation Council: September 8 & 9, 1985, Anchorage, Alaska: U.S.
Geological Survey Open-File Report 86-92, 268 p., plus appendices.

Contains discussions of the potential for an earthquake on the Calaveras
fault, Alaskan seismicity, several seismic gaps in Alaska, the Parkfield
Prediction Experiment, probabilistic estimates for great earthquakes, and
intermediate-term precursors and predictions.

Shearer, C.F., 1985, Minutes of the National Earthquake Prediction
Evaluation Council: July 26-27, 1985, Menlo Park, California: U.S.
Geological Survey Open-File Report 85-754, 445 p., plus appendices.

Contains a review of research activities at Parkfield, California, a
discussion of seismicity and geodetic research and faults in the southern
San Francisco Bay area, reviews of earthquake prediction near San Juan
Bautista, California, and legal liability.

Shearer, C.F., 1985, Minutes of the National Earthquake Prediction
Evaluation Council: March 29-30, 1985, Pasadena, California: U.S.
Geological Survey Open-File Report 85-507, 193 p., plus appendices.

Contains a review of the San Andreas and San Jacinto faults in southern
California, a discussion of instituting a short-term prediction capability at
Parkfield, and a discussion of southern California probability estimates.

Shearer, C.F., 1986, National Earthquake Prediction Evaluation Council
Special Report I: Workshop on Special Study Areas in Southern
California, San Diego, California, February 28 - March 2, 1985: U.S.
Geological Survey Open-File Report 86-580, 239 p., plus appendices.

Following a review of the Parkfield Prediction Experiment, and using it as
a conceptual model, the workshop considered the possibility of identifying a
30-km long segment of the San Andreas and San Jacinto fault zones for
detailed earthquake predictions studies.

Shearer, C.F., 1985, November 16-17, 1984, Menlo Park, California: U.S.
Geological Survey Open-File Report 85-201, 81 p., plus appendices.

The first routinely published proceedings of the Council, contains
discussion on the scope and future strategy of the Council, a review of areas

that might be studied, a discussion of the Parkfield Prediction Experiment,
and a discussion of an earthquake strategy for southern California.
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MAY 7, 1992
Morning Session

T.McEVILLY, Chairman of the
National Earthquake Prediction
Evaluation Council (NEPEC) opened
the Council meeting by asking
Council Members, participants, and
guests to introduce themselves. All
Members were in attendance except
J. Davies. McEvilly presented the
Agenda (Appendix A) and asked C.
Weaver to start the meeting.

C.WEAVER of the U.S. Geological
Survey (USGS) in Seattle,
Washington, and USGS Team Leader
for the Pacific Northwest (PNW)
welcomed NEPEC and presented an
overview of both the USGS program
in the PNW and of the day's
presentation, which he characterized
as a "short course” on the PNW.

At a meeting held in Seattle in 1987
(Shearer, 1988), six seismologists
presented NEPEC with the same
complaint about the paucity of data.
Indeed, data for M4 and larger events
from the National Oceanic and
Atmospheric Administration
(NOAA) catalogs for the area north of
Cape Mendocino shows little
seismicity in Oregon or Washington
(Figure 1). The activity that is shown
are concentrations at Mt. St. Helens
and in the Mt. St. Helens seismic
zone, as well as the sites of the 1949
and 1965 earthquakes in the Puget
Sound region, each of which killed
eight people and produced 50 to 100
million dollars in damage.

In 1975, T.Algermissen of the USGS
in Denver analyzed the seismic
hazards of the region (Algermissen,
1988) using the 1949 event as a design

earthquake and produced an outline
of the effects of a repeat of that
earthquake on the urban counties of
Puget Sound. Other than the seismic
network at the University of
Washington (UW) and occasional
studies funded by the National
Science Foundation or the USGS, few
additional studies had been done
before 1986. Beginning about 1986,
the USGS, under the aegis of the
National Earthquake Hazards
Reduction Program (NEHRP),
initiated a study of the urban areas in
the PNW in order to better
understand the hazards associated
with earthquakes such as the 1949
and 1965 events.

C.WEAVER presented highlights to
emphasize the strengths of the
ongoing earthquake hazards
reduction program, as well as
outlined some of its weaknesses.
Between 1986 and 1989, while the
effort was largely aimed at redoing
the hazards assessment of the urban
areas of the Puget Sound and
Portland basins, a curious disconnect
existed between the advances that
workers such as B.Atwater,
A.Nelson, and G.Carver were
making along the coast and the work
in these urban areas. Beginning in
about 1989, K.Shedlock outlined a
framework for studies in the PNW,
producing a more unified scientific
program (modified and released by
Shedlock and Weaver, 1991) that
addressed a wide range of problems
relating, for instance, the subduction
interface, estimates of hazards in the
urban areas, and the tectonic setting.
Since 1991, the program has
continued as one of the four USGS
regional foci. The individuals
presenting materials to NEPEC at
this Portland meeting represent the
program's strengths.
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Figure 1: Map showing plate boundaries and physiographic provinces of the Pacific Northwest
region. Octagons denote M>4 earthquakes listed in the National Oceanic and Atmospheric
Administration catalog through 1985, and 1949 and 1965 denote the locations of M7.1 and M6.5
events, respectively. From Shedlock and Weaver (1991), which includes open triangles
representing Quaternary stratovolcanoes from Ludwin and others (1991).

Heaton and Kanamori (1984)
suggested that the PNW is a region in
which one would expect great
subduction zone earthquakes.
Paleoseismic work, one of the PNW
earthquake program's major
components, has confirmed that
subduction zone earthquakes have
occurred. This work has more
recently been carried into the Puget
Sound region, where R.Bucknam has

found evidence of major crustal
faulting, which represents an
important part of the seismic hazards
in the region.

Studies of crustal structure represent
the second component and include
everything from the
refraction/reflection studies to
magnetotelluric probing of the crust.
We are now in a position to start to




integrate the broad array of
geophysical studies that have been
undertaken across the region in
anticipation of marine reflection or
land refraction.

Seismic and geodetic monitoring
represent the third area of strength
in the program. S.Malone and
M.Lisowski will review the progress
across the entire region. From the
point of view of the seismologists, a
break exists at the California/Oregon
border, with the network north of the
border operated by the UW and that in
California operated by the USGS in
Menlo Park. Conceptually these
networks are linked, but, in terms of
real-time "warnings," the linkage is
yet to be fully achieved.

The geodetic manifestations of the
subduction zone are very subtle over
the region. In fact, the Oregon
Cascades look very much like the
Basin and Range, with big north-
south striking normal faults, a lack
of seismicity, and lots of basaltic
volcanism, almost as if the
subduction zone is only very lightly
overprinted on the region, except at
the subduction interface. R.Wells will
present an alternative model,
demonstrating the importance of the
crustal tectonics in helping us better
understand the regional setting.
These models form part of the basis of
C.WEAVER's thoughts that we need
broad-scale geodetic monitoring
across big pieces of the region rather
than small traverses near the coast.

The fourth component is a broad look
at the regional tectonics and geologic
setting. While it is important to look
at the subduction zone, we cannot
forget to fully investigate the areas to
the east for clues about how the
intricacies of the system might

unravel. For instance, the Hanford
region is of particular interest from a
public policy point of view, and the
regional setting certainly should
include the tectonics of such areas
east of the Cascades.

Applications and outreach constitute
the final component of the program
in the PNW. More than a quarter to a
third of the program has involved
transfer and mitigation studies, such
as focused investigations on the
potential of disruption of water
systems. The USGS has funded
studies by the water departments of
Tacoma, Seattle, and Everett on their
water systems looking at the
vulnerability to large earthquakes.
Initially M7.5 events associated with
the Juan de Fuca plate were being
considered, but more recent studies
by the Seattle Water District included
M8+ events on the subduction
interface in its analysis.

Another example of outreach, the
efforts by structural engineers in
Oregon and Washington to change
the Uniform Building Code to rezone
all of the western parts of the States to
at least Seismic Zone 3, will be
presented as a poster by
R.McGarrigle. In fact, some
members of the structural
engineering community in
Washington would try to rezone
western Washington into Seismic
Zone 4, if we can provide them with
the data they need to campaign for
such a change. Here in Portland, our
colleagues at the Department of
Geology and Mineral Industries
(DOGAMI) are producing the
prototype regional earth hazards
map. This may turn into a larger
regional effort, perhaps funded by
other agencies.



Thus, the five major successful
components of the program include
paleoseismic studies, crustal studies,
seismic and geodetic monitoring,
investigations of the regional tectonic
and geologic setting, and outreach.
Absent from the list are strong
ground motion studies which have
been addressed only in a more or less
spotty fashion. CCWEAVER asserted
that we owe the structural
engineering community more
sustained effort. This community has
concerns about three aspects of the
problem: one, they accept the
occurrence of large subduction
earthquakes, but are interested in
evidence for the shaking that may
accompany such events; two, what
peak ground motion would
accompany these events (some have
suggested that the peak might be no
more than 0.3 g); and, third, what
durations might be associated with
the events?

Secondly, we need to learn much
more about tsunamis and the
potential for runup along the coast
and into Puget Sound and other
waterways. E.Bernard from NOAA
in Seattle, Washington, will help us
with this issue this afternoon.
Finally, the Cape Mendocino
earthquake raises the odd question
about jurisdiction. Heretofore, we had
included the entire subduction zone
in the PNW. In concept that is true,
but on the other hand, the southern
part really is in California and is
monitored from California. The folks
in California have a much more
succinct and clear way of thinking
and talking about earthquakes than
the folks further north. A big
education gap starts at California's
northern boundary.

R.WESSON asked about the
convergence rate between the Juan de
Fuca plate and the North American
plate as well as the evidence for that
rate.

C.WEAVER answered that published
data derived from offshore magnetic
stripes indicate that convergence
varies between 2 and 4 cm/yr,
depending upon the geometry.

A.JOHNSTON asked about seismicity
of the Gorda plate.

C.WEAVER answered that the usual
interpretation is that the seismicity is
due, in large part, to the break up of
the plate in response to the North
American margin. While that may be
true, it may have no impact on great
subduction zone events.

E.BERNARD asked whether the
spreading was like a conveyor belt
with systematic or episodic spreading
taking place over a few days or over
ten years.

C.WEAVER answered that it is not
really evident how the conveyor belt
works, but that strain release may be
averaged over cycles of 300 years or
so. We can clearly obtain convergence
and strain accumulation consistent
with numbers not far off 2 to 4 cm.

M.LISOWSKI interjected that good
agreement exists between rates of
plate motion over the last two million
years and over the last ten years, as
determined from space geodesy. This
argues for constant overall plate
motion.



A.NELSON of the USGS in Denver,
presented an overview of Holocene
paleoseismology along the outer coast
of Oregon and Washington (Figure 2),
highlighted some of the problems
interpreting the geologic record, and
summarized some of the ongoing
work that may help solve these
problems.

Geologic features produced in broad
zones of regional deformation during
historic great subduction zone
earthquakes provide a guide to the
kinds of evidence for past subduction

zone earthquakes that we search for
in the PNW.

Profiles (Figure 3) of coseismic
deformation during the largest
earthquakes in Alaska, Chile, and
Japan show a zone of coseismic uplift
in the trench-ward part of the
overriding plate and a parallel zone of
coseismic subsidence arc-ward of the
zone of uplift. Thus, during great
Cascadia earthquakes, regional uplift
might be expected along the coasts of
northern California and southern
Oregon. However, parts of these
coasts are also in part of the active
fold-and-thrust belt of the overriding
North American plate, so local uplift
or subsidence due to deformation on
faults or folds in the upper plate
would also be expected. The northern
Oregon and Washington coasts are
farther from the trench; they might
show evidence of regional subsidence
during great earthquakes on the plate
interface.

Along a subduction zone coast, one
might find raised marine terraces
indicating either regional uplift or
surface deformation from coseismic
growth of thrusts or folds in the zone
of uplift, surface ruptures from
thrust faults, sand blows and other
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Figure 2: Major features of the Cascadia
subduction zone (CSZ) in the northwestern
United States and southwestern Canada. The
large arrows mark generalized areas along
the coast that coincide with boundaries
between tectonic subplates, projections of
boundaries between volcanic segments of the
Cascade Range, or other areas where
seismicity and subducting plate parameters
may change, and so could correspond with
the boundaries between segments of the
subducting-plate as outlined by Nelson and
Personius (1991). No query is shown at the
Mendocino fracture zone boundary because
the location of this feature is accurately
known. Distances between boundaries are
shown only to suggest a range of possible
segment lengths. The range of distances
shown for segments north and south of 44.5°
N reflects several locations for a possible
boundary along this part of the coast. We do
not know whether most Holocene ruptures
along the CSZ have been influenced by these
postulated boundaries. Small black triangles
mark volcanoes in the Cascade Range.






Work along the outer coast allows us
to conclude that at least two plate-
interface earthquakes of M8 or larger
have probably occurred in the
Cascadia subduction zone in the past
2000 years. At some sites, evidence
exists for tsunami deposition at the
time of at least one of these events. At
two sites 55 km apart in southern
Washington, the most recent
submergence event occurred between
AD 1680 and 1720, about 300 years
ago.

We do not know, however, what
percentage of reported buried peaty
soils at different sites were
submerged and buried by aseismic
rather that coseismic processes. Nor
do we know the coastal extent of
submergence events. The times of
submergence events at the majority of
sites are not known with a precision
better than a few hundred years.
Finally, it is not known whether
strong ground shaking accompanied
submergence events.

As many as 11 buried peaty marsh
soils dating from the past 5000 years
have been described by workers
(Atwater, 1987; Peterson and
Darienzo, 1991). Two of the peaty soils
correlate along at least 100 km and
probably 200 km of coastline. A plate-
interface earthquake of at least M8
would be needed to produce this
much coseismic subsidence along
this extent of coastline.

Thinner, fainter, less laterally
extensive buried peaty soils have also
been suggested as having been
produced by coseismic subsidence of
former tidal marshes, but they may
not have been buried in the same
way. At least some of the less
prominent and less well exposed soils
may have nontectonic origins.

A consensus exists that as one
progresses south along the coast of
Oregon, the character of the marsh
stratigraphic sequences changes. In
the northern third of the Oregon and
in southern Washington, the two
most prominent abruptly buried peaty
soils contain the rooted stumps of
Sitka spruce and are capped by
anomalous sand beds. Estimates of
the amounts of sudden submergence
represented by the transgressive
contacts of the tops of these two
prominent soils range from 1 m to 2.5
m. In southern Oregon, abruptly
buried soils are less prominent,
much less extensive, and more
closely spaced in vertical sequence.
Most sites show no more than one
abruptly buried soil, rooted tree
stumps are small and rare, and
possible tsunami sand beds have not
been well documented. Estimates of
the amount of submergence at abrupt
transgressive contacts at the tops of
the soils range from a few tenths of a
meter to a meter.

Some of the differences in the
characteristics of buried peaty soils
both at the same outcrops and from
site to site might be due to different
soils having been buried at different
times during different kinds of
earthquakes. For example, at least in
southern Oregon, buried soils may
have been submerged by sudden
coastal subsidence during
deformation by shallow faults and
folds in the overriding North
America plate, either during great
earthquakes on the plate interface or
during small earthquakes on
structures in the overriding plate that
occurred independently of plate-
interface events.



Alternatively, many of the thinner,
less extensive peaty soils and those
exhibiting submergence of less than a
meter may have been submerged and
buried by aseismic processes. Very
similar peaty soils are commonly
interbedded with mud in the
intertidal sequences of mid-latitude
passive continental margins, for
example, the U.S. east coast and
northwest Europe. Examples of non-
tectonic processes that can produce
such sequences include rapid
changes in the rate of regional sea-
level rise, changes in sedimentation
rates, or changes in the configuration
of bars and channels in tidal inlets
that led to local changes in tidal
range.

In the PNW, very rapid changes in
the rate of regional sea level rise
seem unlikely during the late
Holocene. Continuous sections of
tidal marsh peat in the Siuslaw River
estuary of central Oregon and in
Puget Sound suggest no sudden
changes of more than 0.5 m.
However, barrier bar formation and
subsequent breaching seems a likely
explanation for the abrupt burial of
some peaty units in the narrow arms
of estuaries, particularly those that
do not contain major rivers.

Four aspects of coastal marsh
stratigraphy help distinguish
between these different processes of
submergence: the suddenness of
submergence, the amount of
submergence, the local and regional
stratigraphic extent of submergence,
and the degree of synchroneity of the
events from site to site. Fossil plants
that have rooted in the tops of buried
peaty soils and that extend upward
into overlying mud or sand offer the
best clues to the suddenness of
submergence. The stems and leaves
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of delicate fossil marsh plants would
be expected to have been removed by
tidal currents or compacted into the
upper part of the peaty soil unless the
burial occurred within a few years.

Ghost forests of fossil trees in the
buried peaty soils of the spruce or
cedar swamps offer the most
dramatic evidence of sudden
submergence and burial. Such
forests are found only in southern
Washington, however, and spruce
stumps rooted in the soils are
common only in northern Oregon
and Washington. Since tree stumps
are common in the intertidal areas of
submerging coasts, only where the
trees have been shown to have died
quickly at about the same time is
sudden submergence indicated.

Probably tsunami sands that lie
directly on the surface of buried peaty
soils and that are overlain by at least
a few tenths of a meter of mud offer
another indication of the suddenness
of submergence.

Fossils are also important in
determining the amount of peaty soil
submergence. In good outcrops,
macrofossils, like rooted tree stumps,
may indicate the approximate
amount of submergence. However, to
estimate the amount of submergence
across the upper contacts of deeper
peaty units in Washington and all but
the 1 or 2 younger soils in Oregon,
microfossils from cores must be
studied.

Local processes, such as erosion by
tidal channels, can produce abrupt
contacts. Therefore, an abrupt
contact must be traced across two or
more subenvironments for hundreds
of meters, to determine the local
stratigraphic extent of submergence.



Similar sequences of abruptly buried
marsh soils from one estuary to
another are required for
determination of a regional
submergence event.

The most precise method of
determining the synchroneity of
events is by the use of tree-ring
chronologies between fossil trees in
buried soils and living trees.
Yamaguchi and others (1989) have
shown that western red cedars at
four sites around Willipa Bay all died
after AD 1618 to 1684. Because the
outermost rings have weathered
away, these determinations represent
only close maximum ages for the
time of tree death.

Radiocarbon dating of plants rooted
in the buried soils can constrain
plausible mechanisms for the
submergence events, depending on
whether the ages of the soils of widely
separated soils are either consistent
or inconsistent with ages for soils at
other sites. If the time intervals
spanned by calibrated radiocarbon
ages of widely separated sites overlap,
two types of earthquakes are possible.
Soils may have been submerged by
regional subsidence during great
earthquakes that ruptured at least
the distance between the correlative
sites. Another possibility is that local
subsidence may have been produced
by upper plate deformation during
plate interface earthquakes. If the
time intervals spanned do not
overlap, then great plate-interface
earthquakes larger than M8 seem
unlikely.

Correlation of soils using
conventional radiocarbon ages in
coastal PNW has not been
particularly successful. Studies in
southern Washington and northern
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Oregon show that soils have to be
spaced at least 800 years apart to be
distinguished solely by conventional
radiocarbon ages.

Two methods of high-precision
radiocarbon dating are being applied
to significantly improve the precision
of estimates of the times of

submergence events. Both rely on 14C
ages from fossil trees and plants
rooted in the tops of buried soils.
Stratigraphic relations and the
thickness of the outermost ring of the
fossil trees suggest both types of
fossils were killed when the soils
were suddenly submerged and
buried. High-precision conventional
radiocarbon methods yield ages with
standard deviations of 10 to 30 years
compared to deviations of 60 to 80
years reported by most conventional
radiocarbon labs. Using this method,
Atwater and others (1991) have
shown that trees in the youngest
buried soil at two sites 55 km apart in
southern Washington died within a
decade or two of AD 1700. Accelerator
mass spectrometer radiocarbon
dating is being used to date 5 to 8
rooted fossil marsh plants from the
youngest soil at seven sites.
Preliminary results indicate that
averaging 5 to 8 samples will produce
standard deviations of 20 to 40 years.

A.NELSON concluded that at least
two great earthquakes have occurred
in the CSZ in the past 2000 years, but
few sites have been studied in enough
detail to rule out localized subsidence
or aseismic processes as the burial
mechanism for many peaty soils.
Much work needs to be done before
the magnitude and recurrence of past
plate interface earthquakes on the
CSZ can be considered well
constrained.



J.DIETERICH asked about rates of
aseismic subsidence along the coast.

A.NELSON answered that no
aseismic rates are known because of
the difficulty distinguishing seismic
from nonseismic changes in sea
level.

T.McEVILLY noted Nelson's
seeming confidence about the event
300 years ago and asked what is
known about the older event.

A.NELSON said that the two most
prominent events share very similar
characteristics. Both contain rooted
trees, are very peaty, found at most
sites, and occur in approximately the
same position, but varying numbers
of faint soils may occur between these
two bold soils at various sites. The
younger soil is about 1700 AD and the
older one is about 1700 BP, or 300 AD.

R.BUCKNAM of the USGS in Denver,
presented the results of a series of
studies from the Puget Sound region
(Figure 5) all investigating features
that formed in the past two thousand
years and all of which may be related
to a single event, possibly at about
1000 or 1100 years ago, although it
would be difficult to unequivocally
assign them to such a single event.

The most conspicuous and dramatic
evidence of tectonic deformation in
the last 2000 years is well expressed
at Restoration Point and less
obviously expressed at Alki Point in
West Seattle. At Restoration Point, an
intertidal platform, inferred to have
been formed suddenly in association
with an earthquake, has been raised
7 m above present high tide. Marsh
deposits behind a gravel beach bar
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record the history of the preceding
few thousand years. The record is as
old as 7500 years BP because it
includes ash from Mt. Mazama; peat
contains charcoal that indicates the
uplift occurred after 1300 to 1500 years
BP.

Five km north of Restoration Point at
Winslow, several meters of peat
underlies a salt marsh. The Winslow
locality went slightly down or was
stable at the time the Restoration
Point locality was uplifted 7 m,
implying a 7 m gradient in 5 km.
Plotted on a regional map, the
Restoration Point and Alki Point
localities are seen to be regionally
unique outcrops of bedrock and
appear to be on an axis of uplift near
a fault that may have slipped during
the event that caused uplift 1000 to
1100 years ago (Bucknam and others,
1992), although there appears to have
been no surface rupture at that time.

Evidence preserved in bays in
southwest Puget Sound and the land-
ward end of Hood Canal consists of
uplifted tidal mudflats overlain by
fresh-water peats. Atwater and
Moore (1992) have studied a sand
layer within the salt marsh at Cultus
Bay and a similar feature at West
Point which date to the interval of
time during which the 7 m of uplift
occurred and which may be due to a
tsunami generated by that sudden
uplift.

Drowned forests are present on large
landslides studied by Jacoby and
others (1992). The trees provide
precise dates for the occurrence of the
slides into Lake Washington at the
same time as the features described
above.
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Figure 5. Selected Puget Sound locations and features.

Several sites exhibit similar features
and timing, but occur in totally
separated areas. The marsh at
Lynch Cove is unique for its large size
and minimal modification by diking
for agricultural purposes. A 2-m-
thick fresh water peat is over- and
underlain by tidal mudflat deposits.
The contact with underlying deposit
is sharp and implies sudden uplift of
the area, about 1100 years ago, based
upon dates from wood at the base of
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the peat, and slow rise of relative sea
level of 2 m since that time.

A fault scarp with nearly 4 m of
displacement at Saddle Mountain at
the eastern foot of the Olympic
Mountains has been described by
Wilson and others (1979). The activity
on this fault was dated at 1200 BP.
Jacoby and others (1992) found trees
drowned by the rise of water level in a
nearby lake that yielded dates of about



1000 years BP. Schuster and others
(1992) have found several lakes in this
area in which the trees were killed
abruptly about 1100 years ago.

This data collectively suggests that
one or two major events have
produced broad uplift in the Puget
Sound region in the past 900 to 1500
years. This event produced
widespread landsliding and
deposition of tsunami sands. This
suggests that structures in the North
American plate are capable of
producing damaging earthquakes.

W.BAKUN asked if the 900 to 1500
year BP events correlated with the
1700 year BP event described by
Nelson.

R.BUCKNAM thought not. The ages
presented don't overlap the older
determinations. Interestingly,
Atwater (1992) has described evidence
for subsidence 90 km to the west that
is inferred to be associated with large
subduction zone earthquakes about
300 and about 1400 to 1700 years ago.
He finds no evidence for subsidence
in that area for the period of time 1000
to 1100 years BP.

R.WELLS, of the USGS, Menlo Park,
has been interested in the broad-scale
aspects of Cenozoic deformation in
the PNW coastal regions of the
Cordillera. He and C.Weaver have
been investigating possible
correlations between late Cenozoic
geology and seismicity in western
Oregon and Washington. They
suggest that the pattern of late
Cenozoic northward transport and
clockwise tectonic rotation of mafic
basement blocks in the forearc may
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provide a model for understanding
the present day seismotectonics.

The Eocene tholeiitic crust of the
Coast Range appears to be oceanic
crust trapped inside the Columbia
River embayment, a reentrant in the
Mesozoic orogenic belt. Positive
isostatic residual gravity anomalies
and aeromagnetic highs in the Coast
Range correlate with outcrops of this
pillow basalt basement and define
boundaries of tectonic blocks in the
forearc (Figure 6). The thick, cold,
Eocene tholeiitic crustal blocks that
constitute the forearc region of
Oregon and Washington may be
relatively strong, with seismicity
concentrated along the boundaries of
the blocks, especially along their
eastern boundary with the relatively

weak, hotter continental crust
beneath the arec.
Abundant paleomagnetic data

indicate that the coastal blocks are

rotated up to 700, with areas east of
the Cascade arc rotated less. Plotted
on an east-west profile, the slope
indicates smoothly increasing
rotation toward the coast; this has
been interpreted as the result of
coupling of the forearc with the
obliquely subducting oceanic plates.
Using this data, one can calculate a
northward transport of about 6 mm
per year for the coastal region in the
last 15 million years. Presumably,
this is accommodated by the observed
right-lateral faults in the forearc and
arc. In addition to dextral shear in
the forearc, north-south shortening of
the Coast Range has occurred within
the Columbia embayment. This
deformation is similar to the east-
west trending structures of the late
Cenozoic Yakima fold-and-thrust belt
east of the Cascade arc.
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Figure 6. Bouguer gravity map of western
Oregon and Washington showing coastal
gravity highs that correlate with strong,
relatively aseismic mafic basement blocks
in the forearc. Blocks are moving north and
rotating clockwise in dextral shear couple
along the convergent margin (white arrows);
pie-shaped wedges indicate paleomag-
netically-determined clockwise rotation and
their uncertainties with respect to north.
Seismicity forms several northwest
trending, en echelon zones inboard of
northward moving blocks (lined pattern with
selected focal mechanisms: P = Portland, S =
St. Helens, R = Rainier zones). See Wells
(1989) for details.
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Present day seismicity mirrors this
pattern of deformation. Several
northwest-trending dextral-shear
zones form a right-stepping, en
echelon pattern of seismicity along
the Puget-Willamette lowland and
western Cascades (Figure 6). They
include the Portland seismic zone,
the St. Helens seismic zone, a zone
west of Mt. Rainier following a
Cenozoic fold-and-thrust belt, a North
Cascades foothills zone, and the
Darrington-Devil's Mountain fault
zone. East-west seismic zones locally
contain thrust mechanisms,
including the Greenwater, Seattle,
and Darrington-Devils Mountain,
which appear to form the boundaries
for the individual right-lateral
segments (Figure 7). The seismicity
parallels steps in the Coast Range
gravity gradient which may reflect
basement contrast between the Coast
Range and Cascades. As previously
suggested, the St. Helens zone may
reflect the boundary at depth between
the basalts of the Coast Range and the
rest of the continent. The right lateral
strike-slip seismicity is concentrated
in the continental crust, whereas
basalts of the Coast Range are
relatively aseismic, particularly in
Oregon where the basalt is relatively
thick and little broken up. In
Washington, coastal blocks are
smaller, and seismicity is
widespread where northward-
moving blocks pile up against the
Vancouver Island buttress of
preTertiary continental crust.

The regional picture, then, is one of
northward-moving coastal blocks,
rotating clockwise in a dextral-shear
couple driven by oblique subduction.
East-west structures, basins, and
uplifts bounded by high-angle reverse
or thrust faults accommodate north-
south shortening in the northern
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Figure 7. Seismic cross section of the Puget
lowland oriented SSW-NNE, 1970-1992;
magnitude > 1.5, z<40 km. Uplifted basalt
basement blocks are bounded by reverse
faults in upper interpretative cross section.

Coast Range, as blocks impinge upon
Vancouver Island (Figure 7).
Underplated sediments from the
accretionary wedge, thicker in the
northern part of the region, may
significantly influence the size of
blocks of the Eocene basalt and the
amount of coupling with the
downgoing slab. The rotating forearc
blocks of thick basaltic crust may be
coupled with the subducted slab and

VE=1:1

SSW
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may represent asperities for large
subduction zone earthquakes, as has
been suggested for the western
Aleutian Islands.

S.MALONE of the University of
Washington (UW) presented an
overview of the seismicity in the PNW
(Appendix B). The moderately robust
UW seismic monitoring effort has
been crucial for investigating the
distribution and patterns of
earthquakes and has allowed us to
develop a basic understanding of
earthquake hazards in the region.

Eleven different organizations
operate about 190 nonuniformly
distributed seismograph stations,
predominantly narrow-band, high-
frequency, single-component
instruments. These comprise the
regional networks from western
Montana to northern California
(Figure 8). The rather enlarged PNW
encompassed by these networks
emphasizes the importance of the
more isolated networks in terms of
earthquake hazards with relation to
growing populations. Cooperation
and sharing of data amongst the
various organizations is increasing.

Although not as seismically active as
California, significant activity is
concentrated in several different
areas which have a variety of
characteristics (Figure 9). In the
east, in 1983, Idaho experienced one
of the largest events for the continent
in the past several decades. Activity
in the Cape Mendocino area will be
addressed later today. The area
(Figure 10) covered by the
Washington Regional Seismograph
Network for the last 20 years includes
rather shallow events within the
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Figure 8. Map of the Pacific Northwest showing location of some 190 seismic stations operated by 11
organizations noted in inset. See Appendix B for additional information concerning networks.

Columbia River basalts in eastern
Washington, zones of earthquakes on
the west flank of the Cascades and
the Puget Sound area from the deeper
crust, and subcrustal events from
southern Vancouver Island to the
Portland, Oregon, area. North-south
cross sections of this data show the
distribution of these events from west
to east (Figure 11).

If only the last 100 years of record
were available, one would
underestimate earthquake hazards
(See Appendix B). One would assume
that the seismic hazard was low for
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many areas of the PNW, including
areas that will be impacted by
subduction interface events. Areas
with moderate seismicity and
medium-sized events, but without
major thoroughgoing structures or
longer trends of seismicity, wouldn't
seem to be at risk from large events.
Larger types of events could be
assumed as likely in zones with
moderate seismicity and medium-
sized events combined with the
thoroughgoing structures. Areas
with the most probability of future
damaging events would be those
areas that have been struck by
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damaging events, which
probably occur within
the slab as it bends to a
steeper dip . These slab-
bending events have
traditionally been the
main source of concern.

The 1872 crustal event,
one of the largest events
in the PNW with an
estimated magnitude of
a little over 7, is perhaps
one of the least well
understood. A causative
structure has not been
identified. Minor crustal
zones exist is several
parts of the region. In
eastern Washington, in
particular, some
concern exists about an
extension of the fold belt
across the Columbia
River Plateau, which
does have a modest
amount of seismicity,
including earthquakes
up to M5.

Figure 11. North-south cross
sections showing distribution
of earthquakes with depth in
western Washington and
northern Oregon in slices
from the coast (A-A") to the
Cascades (E-E).



M.LISOWSKI of the USGS in Menlo
Park, while concentrating on the
Olympic Peninsula and Cape
Mendocino areas, presented evidence
from geodetic measurements made
over the last century that support a
model for seismic subduction in the
Cascadia zone (Savage and Lisowski,
1991; See Figure 12). As the oceanic
crust is subducted, a locked zone in
the interface produces buckling of the
crust that is observable at the earth's
surface.

Initial work was undertaken in the
Seattle area in the early 1970's to
better understand the shallow
seismicity described today by
S.Malone. The network was
expanded to the Olympic Peninsula
in the early 1980's. In 1986, the first
global positioning systems (GPS)
measurements were made while
recovering a triangulation network
across the Straits of Juan de Fuca.

Both the Olympic Peninsula and
Seattle areas exhibited relatively low
rates of strain accumulation,
contraction on the order of 0.1 ppm,
for the periods 1982 to 1990 and 1972 to
1979, respectively. More recently, the
Seattle area has exhibited rates of 0.3
ppm for the period 1979 to 1990.
Likewise the northern San Andreas
area and southern part of the
Cascadia zone exhibited northeast
directed contraction on the order of
0.2 ppm. Using deviatoric rates, east-
northeast or northeast directions of
contraction seem to be indicated in
the vicinity of the subduction zone. In
the Mt. St. Helens area, the
deformation is not well defined, but it
does appear to include north-south
extension concentrated near the
volcano. In the backarc near
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Hanford, no significant strain

accumulation exists.

A 43 mm/yr convergence of the Juan
de Fuca plate with North America

directed in N68°E direction is
indicated by a uniform strain model
for the Olympic Peninsula region.
Tide gages in the region also seem to
indicate deformation. Rates of strain
accumulation in the network appear
to be uniform in time. Investigations
of vertical deformation by Holdahl
and others (1989) indicate that the
coast is variably going up at a rate of 3
mm/yr, relative to the Puget Sound
trough, with a tilting towards the arc.

A simple dislocation model (Figure
13) proposed by Savage and others
(1991) would have the interface locked
down to about 20 km in depth. At 20
km, the crust has heated up enough
so that it can flow plastically, with a
zone over which slip occurs at some
intermediate rate transitional to the
freely slipping part of the interface
below about 35 km. For much of the
offshore region, the slip deficit is
accumulating at the subduction
interface. Strain rates predicted for
the Olympic Peninsula are those
observed. The observed data in the
Olympic Peninsula-Seattle area fit
the locked subduction zone model, but
this doesn't prove the model. The
model is 2-D in an elastic half-space
and doesn't account for observations
in several other parts of the region
which need to be investigated further.

The direction of the principal
contraction (Figure 12) is similar in
all networks and is approximately
aligned with the direction that the
Juan de Fuca plate is converging
upon the North American plate. The
strain rates are highest in the fore
arc region and very low in the back
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plate (JDF), relative to North America (DeMets and others, 1990), is shown on the JDF. The dashed
lines in the JDF mark the boundaries of the Explorer (EX) and Gorda South (GS) subplates
(Riddihough, 1984). The strain rate for northern California is from Drew and Snay (1989). Savage
and others (1991) and Savage and Lisowski (1991) present a discussion of strain accumulation in
the Olympic and Seattle networks along with a dislocation model for the Cascadia subduction;
other strain accumulation rates are from unpublished Canadian Geological Survey and USGS
data.
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arc region. Locking of the shallow
interface between the subducting
Juan de Fuca plate and the
overriding North American plate
could produce the observed surface
deformation. If the observed strain is
a result of the elastic deformation of
the Earth's crust from stuck plates,
then the strain accumulated over
hundreds of years might some day be
released by one or more large

earthquakes.
Continental [ Cont. Olymple i
0 Slope Shelft Peninsula
Lo North American Plate
101 ° -
E
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Figure 13. Simple dislocation of the Cascadia
subduction zone through the Olympic
Mountains along a trend N68oE (A-A' in
Savage and others, 1991, fig. 1). The plate
interface is divided into locked, transitional,
and freely slipping zones. From Savage and
others (1991, fig. 10).

At Cape Mendocino, a clear
transition separates right-lateral
shear on the order of 20 mm/yr south
of the Cape to northeast directed
contraction at rates of about 0.2 ppm.
G.Carver says that this area has been
contracting at this rate since the late
Pleistocene. The Cape Mendocino
event occurred in the zone of
transition. Deviatoric principal
strains from triangulation in the
Eureka basin the show eastnortheast
axes of principal contraction for the
period 1940's through 1989.
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P.SOMERVILLE, of Woodward-Clyde
Consultants, Pasadena, California,
discussed the process of modeling
strong ground motion (Appendix C)
and introduced the rationale for some
recent changes in the Uniform
Building Code seismic zonation map
in the western part of Oregon, and a
likely similar change in coastal
Washington, from Seismic Zone 2B to
zone 3. The change to zone 3 requires
more accounting for ductility for
long-duration motion and enhances
survivability of structures during
subduction-earthquake-type motions.

The three seismic sources present in
the Pacific Northwest include events
on the plate interface, deep, Wadati-
Benioff zone events, and shallow
crustal events. The depth at which
the plate interface can no longer be a
seismic source is important and
P.SOMERVILLE would place it at
about 40 km, but acknowledges that
M.Lisowski just depicted the position
further west at a shallower depth.
Thus, for modeling, one needs to
consider the slip occurring on deep,
intermediate, or shallow parts of the
interface.

Strong motion data from two M8
events give us some idea of possible
strong ground motion (Somerville
and others, 1991). The shallow dip

(about 10°) of the zone at Michoacan,
Mexico, and the position of the
shoreline make that 1988 event an
appropriate model for events in the
Washington state part of the PNW
(Figure 14), and the 1985 Valparaiso,
Chile, event presents a good model for

Oregon, where the dip is about 20°.

Two empirical attenuation
relationships for a M8 subduction
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event that incorporate recordings of
these events by Youngs and others
(1988) and Crouse (1991) are
compared (Figure 15) with our (Cohee
and others, 1991) numerical
modeling results, calibrated against
this data and using the specifics of
the geometry of the CSZ. The peak
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on stiff soil for a M8 subduction earthquake
for three models: one from numerical
modeling (Cohee and others, 1991) and two
from regression of recorded data (Crouse,
1991; Youngs and others, 1988).
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accelerations reach about 0.3 g for
rock and about 0.6 g for coastal soil
site about 20 or 25 km above the
subduction zone. Due to the greater
width of the fault zone and greater
depth of the source, these motions are
slightly larger than the peak
accelerations of a M8 crustal event.

~—— Crouse
- Youngs
—— Cohee

Lde )

PUA (s wed

Figure 16. Attenuation of peak acceleration
on stiff soil for a M6.75 Wadati-Benioff zone
earthquake for three models: one from
numerical modeling (Somerville and others,
1992) and two from regression of recorded
data (Crouse, 1991; Youngs and others, 1988).





















In response to a question concerning
the possible tsunami hazard from
T.HEATON, J.BEAULIEU indicated
that the Department was trying to
find federal funding to undertake a
credible investigation of the problem,
including modeling, planning,
education, zonation, and warning
systems.
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May 7, 1992
Afternoon Session

Presentation of the following posters started the session:
Beeson, M., Tolan, T.L., and Madin, I.P., Structure of the Tualatin Mountains.

Carver, G.A., Paleoseismicity of the Gorda Segment of the Cascadia Subduction
Zone.

Lisowski, M., Savage, J.C., and Prescott, W.H., Geodetic Studies of the Cascadia
Subduction Zone.

Madin, I.P. and Mabey, M.A,, Seismic Hazard Mapping in the Portland
Metropolitan Area.

Malone, S., Pacific Northwest Earthquake Hazards Based on Historical
Seismicity.

Nelson, A.R., Jennings, A.E., and Kashima, K., Coastal Paleoseismicity Studies
in the Coos Bay Area of Southern Oregon.

Trehu, A.M. et al, Crustal Structure of the Cascadia Subduction Zone Beneath
Western Oregon.

Wells, R.E., Snavely, P.D., Jr., and Neim, A.R., Quaternary Thrust Faulting at
Netarts Bay, Northern Oregon.

Yeats, R.S., Geologic Map of the Willamette Valley.

Yelin, T.S., Seismicity, Seismic Hazards, and Tectonics of the Portland, Oregon -
Vancouver, Washington Region.
. includes seismic hazard protection.
---------- In 1991, the legislature amended the
T.WALSH of the Washington Division Growth Management Act and

of Geology and Earth Resources extended the hazards mapping
presented the framework for seismic requirement to all counties and cities.
hazards mitigation by the State in

Washington (Appendix E). In 1990, In 1990, the legislature also
the legislature passed the Growth established the Seismic Safety
Management Act which requires that Advisory Committee which was to
rapidly growing jurisdictions, or examine the preparedness of the
those with large populations, prepare State and present a plan for reduction
comprehensive plans and fit zoning of earthquake risk in December, 1991.
patterns to those plans. Protection of The Committee completed a package
sensitive areas is one of the required that was sent to the legislature, but
elements for the plan, and this the tight fiscal situation precluded
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consideration of any of the
recommendations. Some of the
recommendations can be addressed,
at least in part, with existing
revenue.

In particular, the Puget Sound
Region Instrumentation Advisory
Committee Study (USGS, 1989)
included a plan for strong motion
instrumentation at free-field sites
and in buildings. This was not
funded, but it is one of the
recommendations of the Seismic
Safety Advisory Committee plan, and
we have been able to cooperatively
fund instrumentation at a site in
Olympia, Washington.

The State of Washington is
coordinating with Oregon's
modification of the Uniform Building
Code seismic zone boundaries (which
Oregon promulgated by the use of an
administrative rule). All of western
Washington and part of eastern
Washington (to include the probable
site of the 1872 earthquake) will be
placed in Seismic Zone 3. The new

zone boundaries have not been
drawn, but they will have been in
time for submission to International
Conference of Building Officials.
Washington has no intent to use an
administrative rule to modify the
zonation. Instead, the application
will proceed as a joint proposal with
the State of Oregon and will be
implemented, if it is implemented, in
the 1994 Uniform Building Code.

Several types of information supplied
evidence for proposing the change in
seismic zonation. Compilation of
intensity data for six well-studied
damaging earthquakes (Table 1)
shows that all of western Washington
(Figure 23a) has been subject to at
least MMI VI damage and most of
the state, in fact, has been subjected
to MMI VII. We then postulated a
M8.5 subduction zone earthquake and
used an attenuation model (Crouse,
1991) to project accelerations and
obtain damage zones from that event
(MMI VII and above or 0.1 g zone)
(Figure 23b). This material was
recently adopted by the Structural

Table 1. Six damaging Washington earthquakes.

Earthquake Location | Maximum | Magnitude |References
MMI
1872 North IX 7.0-75 Malone and Bor,
Cascades 1979
1936 Milton- VII 5.7-6.4 Neuman, 1938
Freewater
1945 North Bend VII 5.5-6.0 Bodle and II
Murphy, 1947
1946 Vancouver VIIL; VI in 7.3 Rogers and ||
Island Washington Hasegawa, 1978
1949 Olympia VIII 7.1 Murphy and ||
Ulrich, 1951
1965 Seattle- VIII 6.5 Von Hake and
Tacoma Cloud, 1967 “
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E.BERNARD, of NOAA in Seattle,
Washington, presented an overview
of tsunamis on the west coast. Over
the last 200 years, tsunamis have
caused damage on the west coast
several times, and those originating
some distance from the coast (Figure
35) have caused the most damage,
with some events affecting elevations
up to 4.5 m. Tsunamis generated
from local earthquakes (Figure 36)
include a 3.5 m wave elevation event
generated at Santa Barbara in 1812,
the largest recorded, and events in
1930, 1912, 1927, and 1989.

Hebenstreit and Murty (1989)
constructed a series of subduction
related earthquake scenarios,
including a Gorda south event. A 5 m
uplift offshore of the northern
California-southern Oregon region
was modeled to generate waves of
about 2.5 m in about 50 m of water.
Crescent City would receive the peak,
which would taper off rapidly in
Eureka. Such scenarios provide some
understanding about what might
happen with these type of events.
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Figure 35. Amplitudes of tsunamis generated by the 1946 Aleutian chain earthquake, the 1960
Chilean earthquake, and the 1964 "Good Friday" earthquake in Alaska, as well as areas of
principal damage caused by these events on the west coast of the United States. Horizontal bars
indicate amplitudes in meters; shaded brackets indicate areas of principal damage.
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4 3 2 125° 120'W
Figure 36. Map showing amplitudes of
tsunamis associated with local earthquakes
in coastal California, starting with an event
in 1812. Horizontal bars indicate amplitudes
in meters.

NOAA and the Army Corps of
Engineers have funded an
observational program in the Pacific.
The deep instruments, in 2,000 to
4,000 m of water, can track the
tsunamis very accurately in the deep
ocean. The coastal stations, operated
in about 10 m of water, use pressure
gauges to measure the amplitude of
the waves. Future phases of this
program will transmit the data from
stations in the Gulf of Alaska to a
buoy and beam the information to
GEOS satellites. Unfortunately, two
key stations were down on April 25.

The Cape Mendocino earthquake of
April 25 , 1992, generated a tsumani
recorded by NOAA sea level gauges
in California, Oregon, and Hawaii
(Figure 37). The tsunami hit
Humboldt Bay precisely at low tide
(Figure 38a) and produced a 20 c¢cm
elevation with oscillations continuing
through the tidal cycle. At Arena
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Cove, to the south, it produced a 10
cm rise at low tide. At Crescent City
(Figure 38b), which is a natural trap
similar to Hilo, about 40 minutes
from the source, the event produced a
1.2 m peak to trough wave with a half
amplitude of about 60 ¢cm. The 1992
earthquake at Cape Mendocino is the
first local event to have substantial
wave elevations on its seaward side at
a distance. In Hawaii (Figure 38c), it

North Latitude
-
i ab bt b ta L s L

)si
{ NOAA/PMEL

1 P.1 Gosnzalez

33 ki) 334 338 Hé.'t ;‘J;n'“::dle 33 240 4 343
Figure 37. Records of the April 25, 1992,
tsunami at selected NOAA sea level stations.
Vertical axes range from -25 cm (below) to
+25 e¢m (above) the mean of the record with
tidal signals removed from each; horizontal
axes represent elapsed time in hours after
mainshock; and vertical lines mark
expected arrival time. Crescent City record
begins 2 hrs before the earthquake, includes
the tidal signal, and has the vertical scale in
meters. Cha, Charleston; POr, Port Orford,
50 (travel time in minutes); CrC, Crescent
City, 47; North Spit NSp, 26; ArC, Arena Cove,
37; PRy, Point Reyes, 69; FPt, Fort Point;
Mon, Monterey, 64; PSL, Port San Luis, 97,
SBa, Santa Barbara; Kah, Kahului; Naw,
Nawiliwili; Jst, Johnston Island. From
Gonzalez and Bernard, 1992.



produced 15 cm, peak to trough. In
each of these cases, if the tides had
been high instead of low, local
flooding would have occurred. This
also points out that one cannot isolate
local tsunamis and say that the
largest rise will be closest to the
source. Topography, harbor
resonance, and other hydrodynamic
features tend to amplify tsunamis.

Using the Harvard moment tensor
solution for the recent event and
removing the tidal cycle, we can
estimate a region about 30 km by 30
km with uplift on the landward side
and subsidence on the seaward side,
but we cannot eliminate a slump as
the source. Wave travel times are
consistent with this being the source
region, but we are dealing with a
sampling interval of 6 minutes.

Local tsunamis don't give us much
time. We need to do advance planning
by producing scenario events to
determine areas that could be flooded
with different sources and
inundation models. We are trying to
improve our understanding of the
current models and pushing to the
next generation, which require the
use of supercomputers. Our goal is to
start a standardized model within the
next two years.

We would like to be able to produce
scenario studies that would allow the
local populace to take action by
evacuating the particular inundation
zone without warning. Hilo, the most
tsunami-effected zone in the US, has
implemented an inundation model
based upon the 1946 and 1960 events.
Recent changes have moved the
evacuation line closer to the shore.

It is important to use the best
published data in order to avoid
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Figure 38. Wave elevation caused by the Cape
Mendocino earthquake. a. Humboldt Bay,
California. b. Crescent City, California. c.
Kahului, Hawaii. At each location, the tide
was low when wave elevation occurred. See
text for discussion.



overdesign. If the states of California,
Oregon, or Washington have any
plans to produce inundation models,
we certainly should proceed in
concert.

T.HEATON asked about the size of an
event that might produce 10 m rises
of the sort described by Reinhart and
Bourgois (1989).

E.BERNARD indicated that he wasn't
aware of that study, but that such an
event would almost certainly be
related to a very large earthquake, but
local topography can have large
effects. In addition, El Nifio can
produce sea level changes on the
order of 25 to 30 cm, and such
changes can have meteorological
effects that may be ascribed to
tsunamis.

A.LINDH asked the shortest amount
of time that residents of Crescent City
might have after a large Gorda plate
event.

E.BERNARD, using a reasonable
model, suggested that people should
react by 10 minutes for such an event.

T.McEVILLY initiated a period of
discussion by presenting a short draft
statement on seismic hazards in the
PNW that was prepared by
K.Shedlock, C.Weaver, and
H.Kanamori and asking these
NEPEC members to address the
document.

K.SHEDLOCK started by indicating
that the draft statement was
somewhat stronger than any
documents on the PNW that have
been made previously by NEPEC.
Although the tectonic and geologic
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setting of the PNW includes an active
subduction zone, no subduction zone
events have occurred since the
arrival of Europeans. Nevertheless,
the late Holocene record of buried
intertidal marshes and other lines of
evidence might lead to the following
statement from the draft: "Given the
available data, NEPEC concurs that
these subduction zone events probably
occur on the average of every few
centuries and involve lengths of the
coast sufficient to produce
earthquakes of at least M8.5."

The preliminary draft statement also
notes the two other sources of
earthquakes in the region: the
intraplate sources within the
subducting Juan de Fuca plate and
Gorda plates, and the crustal
earthquakes. For the former, we
suggested: "NEPEC concurs with
recent studies that have concluded
that intraplate earthquakes should be
expected anywhere along the
subducting plate at depths
comparable to those known in this
century, in the 40 to 60 km deep
range, and that a realistic magnitude
for planning purposes for these
events is from M7 to 7.5." For the
latter, we then addressed the major
crustal events in a more general
manner: "NEPEC believes that
crustal earthquakes may be a major
urban hazard in the Puget Sound
basin, but considerable additional
geologic and geophysical studies are
needed on this issue.”

Today, after talking further, the three
of us would like to offer another
sentence along the following lines:
"Magnitude 7 and larger crustal
earthquakes do occur in similar
subduction regimes." This is based
on the further evidence that



R.Bucknam and others have
presented in the past few months.

W.BAKUN asked about the phrase
that "these subduction zone events
probably occur on the average of every
few centuries." He asked, "didn't we
hear about one three hundred years
ago and one about 1700 years ago?"

K.SHEDLOCK, answered yes, that is
what we've heard today. We were
willing to say "every few centuries”
because of ambiguities in some of the
data, with five possible events in
northern California, which would
give a shorter recurrence interval,
and 1100 year intervals in some of the
other tidal marshes.

T.HEATON noted the tendency to
downsize the magnitude from M8.5 to
M8 when discussing the subduction
zone events. The evidence that we
have seen indicates that we are
looking at several events of at least
M8.5, and that if it is not several such
events, but a single event, we are
really talking about the M9 range.

K.SHEDLOCK agreed and said that
this is exactly what has occurred in
writing this draft. By addressing the
MS8 events, the trio felt comfortable
talking in terms of "every few
centuries;” if addressing M9 events,
they would have referred to "every
several centuries.”

Discussion concerning the relation of
magnitude, brittle zones and heat
flow ensued. A.JOHNSTON
summarized the day by stating that
nearly everyone seems to accept the
concept of large past subduction zone
earthquakes and wondered if other
workers were opposed to the concept.
R.WELDON personally supports
events greater than M8 based on
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paleoseismology, but, while such
events might be plausible, opposes the
concept of M9 events; he is not
convinced that the whole zone could
be involved in a single event.

T.HEATON pointed out that the
Nankai, southwestern Japan trough
sometimes releases as a large single
event and sometimes as multiple
event. G.CARVER pointed out that
when we start breaking segments
down into M8 or about M8 events, we
would need to call upon a number of
segments for each of the three events.
If, for the whole coast we need 5 or 6
M8 events, we would be calling upon
15 M8 events in the last 1700 years, as
opposed to three giant events. Much
discussion continued. A.NELSON
opined that the paleoseismic record is
undoubtedly incomplete even for M8
events. Identification of PNW
subduction zone earthquakes
producing tsunamis that might be
shown in the Japanese record was
discussed.

J.DAVIS asked the group to review
what it was trying to accomplish with
the statement under discussion: is it
directed to the scientific community
or the public policy community? If we
want the public policy people to take
the statement seriously, we must
avoid a document about which the
scientific community continues to
argue, thereby undercutting the
impact that we wish to obtain. When
one reviews documents that have
influenced the public sector over the
past five years, one is impressed with
the outcome of the working group
reports, which build consensus
documents by group analysis. The
subject under discussion is reaching
maturity for such consideration, but
not maturity for a two-page
statement. J.DAVIS suggested that if



we want this statement to elicit long-
term commitment in the public
sector, than a working group
evaluation should be considered.

T.McEVILLY reviewed NEPEC's
charge from the Director (See
Frizzell, 1992, appendix A), which
was to "undertake an analysis of the
current understanding of the
earthquake hazard in the Pacific
Northwest, including an assessment
of the current consensus view on the
potential for future great earthquakes
along the Cascadia subduction zone."

R.WESSON recalled that, in about
1987, NEPEC considered the potential
for a large subduction zone
earthquake, but that analysis
resulted in a rather weak statement.
Since that time consensus has been
developing that the subduction zone is
seismic, and at the NEPEC meeting
at Alta last year, the council asked
this team to prepare a draft statement
summarizing issues for which
consensus exists and issues that
remain unresolved. He noted that
J.Davis proposes is an intermediate
product that summarizes the
evidence for large earthquakes in the
PNW and that could be published as a
USGS Circular. This would be a big
job, but it could be done and might be
useful. What has been presented
today could be the basis for
impaneling a working group.

J.DAVIS agreed and suggested that
such a document would be a policy
watershed, not only for the working
group document and the judgments
that come from it, but also for a
consensus on what the record says,
as well as an enumeration of the
remaining questions and their
implications.
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Discussion ensued concerning the
possibility of the formation of a
working group. It was suggested that
Shedlock and Weaver (1991) answered
some of these issues, but most agreed
that while the report sets the context
for a research plan, it should not be
used as the basis for public policy.
The next phase should be a broadly
based analysis of all aspects of the
issue, including tsunamis.

The Council determined that a
working group, including both
proponents and opponents of the
occurrence of large subduction zone
earthquakes, should prepare a
document summarizing the evidence
for such events and other earthquake
hazards in the PNW, presenting the
implications of these events, and
listing the questions that remain to be
resolved, including the possible
modes of failure of the CSZ, the
implications for each mode, and what
actually would happen in the built
environment struck by a M9 event.
This would be an intermediate
document presenting a scientific
consensus to the scientific
community concerning the upper
bound of earthquakes and the
available evidence concerning their
frequency and the implications of the
data. This document would be the
basis of a public policy document .

The evidence has accumulated to the
extent that the hazard is known to
range up to the highest ever in this
area. As a consequence, NEPEC
should compile the information in a
collected and systematic fashion for
the Director's consideration. The
Chairman outlined the elements of
the document charging the ad hoc
working group that resulted in
Appendix F.



May 7, 1992
Evening Session

T.HEATON, of the USGS in
Pasadena, California and USGS
Team Leader for southern California,
started a presentation on the April 22,
1992, Joshua Tree earthquakes with a
summary of a method (developed by
Agnew and Jones, 1991) of estimating
probabilities that earthquakes on the
southern San Andreas fault are
foreshocks to larger events.

Agnew and Jones determined that
foreshocks and main events are
nearly always within 10 km of one
another, usually within 5 km, and
divided the San Andreas into
segments surrounded by 10 km
envelopes. They argued that since the
1988 NEPEC report (Working Group
on California Earthquake
Probabilities, 1988) indicated that the
probability for a M7 or larger event in
the next 30 years i1s 40 percent and
since 50 percent of earthquakes have
foreshocks, there is a 20 percent
chance of a foreshock for an event
M>7.5. They assumed that foreshocks
were just as likely on quiet segments
as active segments and concluded
that the chance that an event in the
quiet segments is a foreshock 1is
relatively large. This work allows
estimates to be made of the
conditional probabilities for major
earthquakes in the three days
following a M5 earthquake on
different segments of the San
Andreas fault (Figure 39).

Jones and others (1991) established
various alert levels (Table 2) for four
regions of the San Bernardino
Mountains and Coachella Valley
segments of the southern San
Andreas fault wusing such
information and the magnitude of
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possible foreshock events in those
regions (Table 3), with USGS
activities suggested for a given
specific alert level. This plan,

although accepted by NEPEC and the
California Earthquake Prediction
Evaluation Council (CEPEC), has
never been fully instituted by the State
of Califorma.

CONDITIONAL
PROBABLITY

Figure 39. Conditional probabilities of major
earthquakes for 3 days following a M5
earthquake on segments of the San Andreas
fault. The San Bernardino Valley and
Coachella Valley segments of the Working
Group on California Probabilities (1988) were
divided into smaller regions by Agnew and
Jones (1991). (Figure from L.M.Jones,
written communication, 1992, after Agnew
and Jones, 1991.)

The M4.7 event on April 22, 1992,
(Figure 40) indicated a C level of alert
and numerous phone calls were
made in accordance with this
procedure. The M6.1 Joshua Tree
earthquake occurred about 2.5 hours
later and we elevated the alert level to
B. In cooperation with P.Flores, a
high-ranking representative of the
California Office of Emergency
Services (OES), we prepared a hazard
advisory for distribution by the OES.
Given that Pasadena was not really
ready to issue advisories, we felt that



Table 2. Definitions of levels of estimated short-term increases in earthquake
hazard for the southern San Andreas fault (from Jones and others, 1991).

Probability of M>7.5 Expected time
Level earthquake in next 72 between USGS Action
hours occurrences
Notify scientists involved
D 0.1% to 1% 6 months in data collection and OES
Ontario office
{ As for D, and also notify
F Comm. Officer of OES in
C 1% to 5% 5 years Sacramento and OEVE
Chief _
As for C and D, and also
notify USGS Director and
B 5% to 25% 28 years CDMG State Geologist,
and start intensive
monitorin

Table 3. Magnitude of possible foreshock needed to reach a specified probability
level for four microseismic regions of the San Bernardino Valley and
Coachella Valley segments of the southern San Andreas fault (Jones and
others, 1991, p. 2).

fr—

Level B C D
Probability of M>7.5 in next 72 hours 5-25% | 1-5% 0.1-1%
San Bernardino 5.8 5.0 3.9
San Gregory 6.1 5.3 4.2
Palm Springs 5.2 45 34
Mecca Hills 4.9 4.2 3.1

the situation was scientifically
serious and that overall the system
worked pretty well. Having the
apparatus in place proved very
convenient.

Earthquakes for the period 1979 to
1992 define several areas of activity
preceding the Joshua Tree event.
These include the north Palm
Springs event, background
seismicity, a band of activity in the
Mojave desert, and aftershocks to the
Homestead Valley sequence of 1978.
We think that the San Andreas is
essentially trifurcating near the
intersection of a structure defined by
the Joshua Tree earthquakes and the
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San Andreas, with the two branches
of the San Andreas and a third right-
lateral branch trending north into the
Mojave desert.

The main, M6.1, Joshua Tree event
occurred in the same area as the
foreshock, and most of the
aftershocks occurred in the same

Figure 40 (opposite page). Map showing the
location of events northeast of the Palm
Springs region of the Coachella Valley
segment of the southern San Andreas fault
that were timed during the first day of the
April 22, 1992, M6.1 Joshua Tree earthquake
sequence. (Figure from E. Hauksson and
others, written communication, 1992.)
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Timed locations during first day
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Figure 41. Map of real-time-picked aftershocks to the Joshua Tree earthquake for the period 21:50
hours April 22 (M6.1 mainshock) to 9:10 April 24, 1992, Pacific Daylight Time. (Figure from E.
Hauksson and others, written communication, 1992.)

The main, M6.1, Joshua Tree event
occurred in the same area as the
foreshock, and most of the
aftershocks occurred in the same
region (Figure 41). The early
aftershocks (Figure 40) define a
single plane to about 12 km in depth;
a subsequent cloud of shallow
seismicity may indicate a curving
splay. The southernmost aftershocks
along this trend occurred in close
proximity to the San Andreas and
caused us some anxiety.

58

Generally aftershock sequences decay
at 1/T, but for the first day of the
Joshua Tree aftershocks the plot did
not decay according to this ratio
(Figure 42). We found it disconcerting
that the number of events were not
decaying as a function of time and
that a number were occurring near
the San Andreas. Of course, the
sequence, though healthy, has begun
to decay. Now, two weeks after the
event, we are officially out of the alert
status, but unofficially we will tell
people that we are still concerned
about the situation.
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Figure 42. Plots of the aftershock decay
sequence following the 1992 Joshua Tree
earthquake. Constants include: p=1.37+0.07,
¢=1.37+40.23, a=-1.35+0.12, and b=1.10+0.02.
(From L.M. Jones, written communication,
1992.)

J.DIETERICH asked, that since more
than a dozen events > M4 have
occurred, if the threshold
magnitudes should be reset?
T.HEATON agreed that this was
something that should be addressed.

R.WESSON raised the issue of how to
better deal with the still relatively
high probabilities after the end of the
72-hour alert. Since the Poisson,
background, probabilities are on the
order of 0.003 percent, the decayed
probabilities in the tails of the curves
are still a couple orders of magnitude
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above the Poisson values, even several
weeks after these events. Perhaps we
should revisit the issue after a few
months of the termination of an alert,
maybe with an intermediate-term
warning in the form of a reminder.
Without addressing the tails to these
curves more rigorously, we shouldn't
later take ‘“"credit," for the
"foreshocks" as we did for the two M5
events that preceded the Loma Prieta
event. We need to find a better way to
express this intermediate-term
probability.

R.WELDON of the University of
Oregon presented his interpretation
of the paleoseismic evidence from
Wrightwood, California, and
addressed a distribution function that
might be used in predictions. In
summary for the latter, if one takes a
sequence of events on the southern
San Andreas, one can ask whether
the data fit the probability function
that has been used for making the
forecasts for the fault (e.g., Working
Group on California Earthquake
Probabilities, 1988, 1990). RWELDON

asserts that the answer is
convincingly no.
The stratigraphic record at

Wrightwood (Figure 43, 44), which
has a Holocene slip rate of about 3
cm/yr, has been detailed from work
over the last 6 years. Approximately
50 radiocarbon ages have been
determined for the section (Figure
45), mainly from peat which occurs
about every 20 years. While some
events are well resolved
stratigraphically, resolution of actual
ages for these events is not as well
constrained.



»

We made incorrect assumptions
about clustering of events. We had
considered certain events to be a
cluster because they were
stratigraphically close together. Our
dating now indicates that the
stratigraphic distance between events
has nothing to do with the length of
time between events.
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Figure 43. Index map for the southern San
Adreas fault, showing the sites discussed
during presentation. Hatchers on the fault
indicate the extent of the 1857 rupture; the 1812
rupture is inferred to overlap ~20 km and
extend to the south, including the San
Bernardino region. The extent of other
earthquakes discussed are unknown. (From
Fumal and others, 1993.)

Using these events with their
uncertainty, we can determine that
the probability of an earthquake in 30
years is about 40 percent, the value
assigned by the 1988 working group
(Working Group on California
Earthquake Probabilities, 1988). If we
combine the record from Wrightwood
with a somewhat reinterpreted
Pallett Creek record, we still see the
clustering that K.Sieh has described
(Sieh and others, 1989) and derive a
probability function (Figure 45)
similar to about 30 percent in 30
years. Closer inspection of these
records and investigation of
unmatched events, however, indicate
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that the records are incomplete:
"extra" events at Pallett Creek occur
during long intervals at Wrightwood,
and vice versa (Weldon, 1991).
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Figure 44. Map and cross section at
Wrightwood site, focused on the northwest
portion of the site near the "gully." This
portion and the secondary zone are connected
by a trench, so the exact correlation of the
stratigraphy and deformational events is
possible. (From Fumal and others, 1993.)

If one reinterprets the records
together, one gets a significantly
different probability function. If we
make no assumptions about rupture
models, we can produce a complete
record from the two incomplete
records. Events at Pallett and
Wrightwood that overlap are
assumed to be the same event, and
nonoverlapping events are counted as
an event for the combined record. The
resulting distribution function
(Figure 46, 47, 48) describes the
probability for the southern San
Andreas in the vicinity of Pallett
Creek and Wrightwood for events that
would be important for Los Angeles.
The data from the "complete" record
described today can be addressed with
several different methods which
produce recurrence intervals of about
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Figure 45. Black and white reproduction of multicolor stratigraphic section, C-14 dates, and the
best estimate of the ages of the earthquakes recognized in the section. The curve is the best estimate
of the sedimentation history derived; steps in the curve are single storm depositional unites. Note
that the spacial clustering is not reflected in the ages: the 4 oldest events, well resolved in
stratigraphy, occurred in only 200 years whereas one of the longest intervals (1020-1220) is the
narrowest in stratigraphic separation. Also note the 2 stratigraphic hiatuses that contain events at

Pallett Creek.

100 years and probabilities of 80
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Several interesting statements were
made during the ensuing discussion
of stratigraphic details, assumptions,
and statistical methods. RRWELDON
noted that since we cannot expect
every event to rupture both of the two
sites, the 80 to 90 percent probability
isa minimum hazard estimate. This
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Figure 47. The Pallett Creek record. a) the
sequence of events from Sieh and others
(1989), represented with gaussian
uncertainties; we do not include 1812 in
Pallett Creek record, and have modified the
uncertainties slightly. b) probability
function for Pallett Creek, derived by simply
adding up the intervals with uncertainties
determined from uncertainties of the
limiting events. Notice the trimodal shape,
like that at Wrightwood (Figure 46). ¢) 30-yr
conditional probability derived from b. Due
to the multimodal shape of the probability
function, the conditional probability goes up
and down; this may simply be an artifact of
too few data to define the function.
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Figure 48. Probability function for
recurrence of ground-rupturing earthquakes
on the Southern San Andreas fault. The
curve with points is generated by picking
many times from the distribution functions
for the age range of individual earthquakes,
dated at paleoseismic sites. The spike is the
exact interval between the historic 1812 and
1857 events. The ascending curve is the
cumulative probability. The hatchered
regions are the areas under the curve within
and beyond the next 30 years. The
conditional probability of an earthquake
during the next 30 years, from this empirical
probability function is 80%.

would indicate a probability greater
than 1 percent, which would put us at
a Level C alert as defined in the
illustration presented by T.Heaton
(Table 2).




May 8, 1992
Morning Session

J.HEALY, of the USGS in Menlo
Park, described the activities involved
to test the earthquake prediction
algorithm, M8, which are described
in an advance draft of an open-file
report (See Appendix G). Many of
these activities involved obtaining a
consensus about what constitutes a
"valid" test. A global test was
developed in the Circum-Pacific
region with 147 circles 700 to 800 km
in diameter (Appendix G, Fig. 1). The
circles are declared either "in TIP"
(time of increased probability) or "not
in TIP."

When we ran the test in our final
chosen configuration, of 10 M>7.5 in
the circles, we predicted 8; two were
missed. This would give us a
confidence level of 97 percent, if other
problems didn't exist, but they do.

A number of data fixing methods
exist that would allow us to obtain
such results. In the first run, the
investigators made the assumption
that when a large earthquake
occurred, the warning would
terminate. Under that assumption,
only six earthquakes were predicted.
After looking at the data set, of the
more than 200 M7.5 earthquakes in
those circles since 1900, about 20
percent occurred in pairs. This
shows that a strong tendency exists
for earthquakes to occur together at
distances beyond the range we would
normally consider to be a mainshock-
aftershock relationship. If we ignore
the assumption for the period under
investigation, we predicted 8 of 10
events.
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J.HEALY indicated that he and his
colleagues would like to publish this
work and were seeking NEPEC's
guidance about what sort of
statement they might use in the
article to point out that the article is a
scientific test, not a public policy
document.

J.DEWEY of the USGS in Denver,
Colorado, presented NEPEC with
some additional written
documentation (Appendix H) and
explained the TIP concept in more
detail. The M8 algorithm uses a
circle drawn in the region of
investigation and counts various
measures of seismicity. When 6 of 7
functions reach an anomalous alpha
level, the program declares a TIP,
which indicates that, somewhere in
this vast circular region, a higher
probability exists for a large
earthquake within the next five years.

A number of successes have been
claimed for M8, and the question
remains as to whether they are
statistically significant, given the size
of the areas and the 5-year period for
which the TIPs are declared.
J.DEWEY and colleagues think that
the best method to test the algorithm
is with a forward test with predefined
parameters and null hypotheses to
see if the statistics turn out to be
significant. We have set up the null
hypotheses and performed a
retrospective test (called Test A) for
the period 1985 to 1991 to test the
procedure. In the course of this test,
we modified the procedure for the
forward test which we call Test B. We
will run both Test A and Test B to see
how these modifications impacted the
algorithm.



The test is focused on the prediction of
M7.5 and greater earthquakes
occurring on the margins of the
Pacific Ocean. We will wuse
hypocenters and magnitudes
computed by the National Earthquake
Information Center (NEIC) in Golden
which computes three catalogues of
earthquakes with different levels of
completeness and time delays. One
comes out after only 7 days after the
occurrence of earthquakes; this is
very incomplete. The PDE Weekly
comes out with a four week delay; we
will use this for provisional
prediction in MS8. In the final
analysis for counting successes and
failures, we will use the monthly PDE
which has a delay of 7 months.

We use the Global Hypocenter
CD/ROM Version 1 produced by
NEIC in 1989 for determining the
background level of seismicity, for
determining anomalies, and for
analysis of seismicity occurring in
1988 and earlier. This CD/ROM has a
number of catalogs with some
duplication, so we have defined
conventions for identifying and
removing duplicates.

MS8 requires that a single magnitude
be associated with every earthquake.
This requires a convention when
several magnitudes might be
associated with a given event. The
data base used has fields for four
magnitudes; two correspond to the
NEIC Mg and Mg magnitudes and

the other fields correspond to
contributed magnitudes, which are
usually from Berkeley and Pasadena.
The convention is that the magnitude
for M8 purposes will be the
maximum magnitude of the four or
fewer that are listed for each
earthquake in the data base. Thus for
small and moderate events, which
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MS8 counts in order to issue the TIPs,
most of the magnitudes will be Mg

magnitudes, but, on the other hand,
for the largest events, magnitudes
will be Mg magnitudes.

Using a My, convention, one would

have a somewhat different set of
objects of prediction. For instance for
the period 1985 to 1991 during which
MS8 predicted 10 earthquakes, using a
My, convention, one would predict 11

events, four of which were not
predicted using the convention
outlined above.

We propose issuing semi-annual
updates during the course of this test.
This seems appropriate as long as we
make it clear that we are conducting
a test, not attempting to issue
predictions for wuse by civil
authorities.

K.SHEDLOCK asked how the radius
and locations for the circles were
chosen, since the distribution of
circles seemed somewhat unequal.

J.DEWEY noted that the 427 km
radius was determined by the
threshold magnitude of 7.5. The
centers were arbitrarily assigned
around the margin of the Circum-
Pacific seismic belt and the regions
overlap by 30 to 40 percent. If no more
than about 20 small events per year
occurred within a circle, the
background level was too low to be
able to confidently detect an anomaly
against that background level and
those circles are not considered. The
remaining 147 circles have an
average level of seismicity of 20 events
or more per year over a period of
about 30 years. This batch of circles is
different from those addressed by our
Russian colleagues.



J.DEWEY concluded by addressing a
null hypotheses proposed by
J.Dieterich that TIPs randomly
distributed among the 147 regions of
investigation, but assigned according
in proportion to the level of historical
activity, would do as well as TIPs
generated by M8. A factor of 40
difference exists between the most
active region and the least active
region. This hypothesis produced
interesting results: where M8 Test A
estimated with a level of significance
of 76 percent, his Test A estimated a
68 percent level and where M8 Test B
estimated a 97 percent level, his
estimated a 94 percent level.

J.DIETERICH described his null
hypothesis (Appendix I) as a method
of looking at the Poisson model, or
long-term rate, of activity in the
circle. This might produce a useful
result against which to judge the
efficacy of the performance of MS8.
Successes per TIP interval for the
weighted random assignment of TIP
is about 1.3 percent and for M8 is 1.5
percent. So, while some differences
exist and the numbers are small, M8
may provide as much as a 50 percent
probability gain over the background
rate. This doesn't provide enough
information on which to base public
policy or action. Nevertheless, for the
first time we have a procedure with
which we can evaluate M8 and the
claims that have been made for it. For
these reasons, J.DIETERICH
supports this test of M8.

W.BAKUN asked what would happen
in the Los Angeles area if a TIP is
declared for that area. What would
NEPEC's response be? TMcEVILLY
reiterated, what would Healy ask of
NEPEC? J.DIETERICH discussed
wording of his memo (Appendix I)
concerning the algorithm's principal
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use being for scientific purposes, not
public policy. J.DEVINE opined that
some commotion might result if the
existence of a TIP were announced
without an explanation of the
probabilities, but that a minor news
report would likely result if the
probabilities were explained.

J.DAVIS pointed out that a statement
from NEPEC at this stage could lay
the foundation for whatever might
come about as a result of the M8
experiment. He noted that since this
was an experiment with low
probability gain and high false alarm
rate, it was not an appropriate source
of information for public policy
decisions. In fact, J.DIETERICH
stated, statements to the contrary in
the press, M8 has not predicted any
specific events. K.<SHEDLOCK noted
that a consensus had been reached by
pointing out that numerous
suggestions concerning a NEPEC
statement on M8 have been made.
The Council agreed to make a
recommendation during the
afternoon session.

J.LANGBEIN of the USGS in Menlo
Park presented materials (Appendix
J) concerning the Parkfield
Prediction Experiment that were
prepared for a workshop to be held in
June, 1992, The workshop
participants will review and discuss
accomplishments and priorities.
J.LANGBEIN also mentioned a
review of the Parkfield experiment by
a panel of scientists who have no
direct ties to work there. A draft
charter had been prepared by
W.Ellsworth in anticipation that
NEPEC would consider chartering an
ad hoc working group.



J.DIETERICH suggested that the
draft charter outlined the problem
well, but that an ad hoc panel should
also be charged with determining the
efficacy of the methodology used to
make the long-term forecast, which
had a high level of confidence.

J.DAVIS, W.BAKUN,
J.DIETERICH, and R.WESSON
discussed the importance of

separating an evaluation of the
prediction made for the next event at
Parkfield from an evaluation of the
Parkfield experiment itself. Although
the Council rapidly reached the
consensus that such a panel was
warranted, it decided to make final
decisions on the topic at the outset of
the afternoon session.

J.LANGBEIN also presented some
thoughts about matched filters and
how to evaluate creep events that
occur at Parkfield during periods of
rainfall. To reiterate a statement
made at the last NEPEC meeting
(Frizzell, 1992, p. 26-27, appendix F),
rainfall was not mentioned in the
description of alert levels determined
on the basis of creep events. He
proposed footnotes to the creep rules
(Bakun and others, 1987) that would
down-rate, by one level, creep events
that are preceded by significant rain
(Appendix K):

Levels D-A: If >2 cm of rain
falls in a 24 hour period in the
week preceding a creep event,
then decrease by one unit the
status level as defined in the
Table (page 28 of Parkfield
Scenarios....).

Levels B-A: Should a strain
change be detected at the 95%
confidence level or better on a

66

nearby dilatometer or tensor
strainmeter, then the status
level for creep will remain as
defined in the Table (page 28 of
Parkfield Scenarios....)

This proposal prompted some
discussion concerning the rationale
and efficacy of using a "hard wired"
decision-making process rather than
individual judgment. The present
system of decision making allows
scientists to determine levels of alert
and communicate those levels
without involving the Director. This
is particularly important at
Parkfield, because one of the goals is
to make a near real-time short-term
prediction. After some additional
discussion, NEPEC -endorsed
Langbeins’s proposed change.

J.LANGBEIN concluded by stating
that the matched filter analysis is a
good method of assessing the
sensitivity of an instrument. In
designing experiments this technique
should be used, because they provide
a good way to characterize statistics
of creep events, which have a high
signal to noise. W.BAKUN supported
the concept and procedure and urged
Langbein to also consider data from
the borehole strain meters.



May 8, 1992
Afternoon Session

T.McEVILLY presented W.Prescott's
suggested modifications concerning
questions that would be presented to
the ad hoc working group on
Parkfield in the draft charge provided
by W.Ellsworth. After some
discussion and modification of the
draft and consideration of possible
working group members, the Council
agreed on particulars and asked the
Chair to complete the charge
(Appendix L).

The Council asked the Executive
Secretary to draw upon written
documents submitted to NEPEC by
J.Dewey and J.Dieterich and
discussions undertaken at the
meeting to draft the NEPEC
statement on M8 for the Chair to
finalize (Appendix M).

The Council readdressed the
proposed NEPEC statement presented
yesterday by K.Shedlock on the
Cascadia subduction zone and the
charge to, and membership of, the
proposed ad hoc working group on
the CSZ. Although numerous
modifications to the draft statement
were suggested, the group decided to
await the report of the working group
before completing the NEPEC
statement and requested that the
Chair circulate a draft charge
(Appendix F) to Council members
before asking Craig Weaver to chair
the working group.
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J.DIETERICH presented a short
report on the possibility of convening
a workshop to evaluate various
prediction methodologies, especially
to address the long-term forecasts,
which have become a prominent
aspect of earthquake hazard
assessment. These forecasts derive
from several hypotheses that have not
had systematic review. A letter of
invitation and attendees has been
drafted, but no other action has been
taken. Four tentative goals include:
identify the major issues, summarize
the range of views on these issues,
present statements of consensus
where possible, and outline work
needed to resolve issues. Tentative
topics include: fault segmentation,
characteristic earthquakes,
recurrence models, uncertainty of
probabilities. Incorporation of model
uncertainty, which might be the
dominating uncertainty, in the
computations would be addressed
during discussion of the last topic.

While asserting that NEPEC should
address these issues before taking on
another major forecasting/prediction
effort, JDIETERICH pointed out that
this would be a major undertaking
and everyone seems over committed.
K.AKI and R.WESSON briefly
discussed the possibility of a joint
NEPEC/Southern California
Earthquake Center (SCEC) workshop
to address the topic.

Three issues seem to be of importance
here, according to R.WESSON: the
original methodology workshop that
dJ.Dieterich discussed would address
the 1988- 1990-type probability reports,
how to address southern California
(which SCEC had indicated it would
address), and the relationship of
probabilities and ground motion.



R.WESSON continued by stating that
the last 1issue almost seems
counterintuitive, because if one looks
at the current Algermissen ground
motion map of the US, two things
seem evident. With a 300- or 500-year
recurrence, for instance in the PNW,
the probabilities hardly show up at
all, in terms of the ground motion
maps that looks at 30 or 50 years. The
difference in distribution of ground
motion between tight sources and
distributed sources can appear
erratic. For instance, higher
probabilities of exceedence exist for
parts of New England than for large
parts of Idaho, because the Borah
Peak source is fixed, but the
Charleston earthquake is invoked up
and down the east coast. R WESSON
acknowledged that his comment was
an excursion from the concepts that
K.AKI was presenting, but asserted
that the USGS and NEPEC must
eventually rationalize such different
approaches to producing probabilistic
risk analyses. Anything that NEPEC
might do to force or stimulate
progress in the methodology would be
important. JJ DIETERICH suggested
that an alternate approach would be
for the USGS to fund some focused
research in this area. T.McEVILLY
agreed, suggesting that the topic was
larger than might be accommodated
by a workshop or on a pro bono basis
and that it would seem to require
concerted, full-time effort on the part
of several workers for 6 months to a
year.

In light of the NEPEC activities
related to the CSZ and Parkfield
working groups, and especially in
light of the fact that SCEC might have
addressed at least part of the issue in
a year's time, the Council decided to
delay further consideration of the
topic.
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The Chair pointed out that, in light of
the Council's report from the meeting
in Utah, the Director has agreed to
communicate with the State of Utah
concerning earthquakes. The Vice
Chair and Executive Secretary agreed
to follow up on the issue.

J.DAVIS addressed the San
Francisco Bay Area ground motion
maps. He would like to have some
sort of popular document to
accompany the J.Evernden intensity
maps (Evernden, 1991), which have
been open-filed. J.DAVIS is
attempting to use his staff to prepare
such a document, which might be
presented in an issue of California
Geology. He noted that M.Reichle is
working through W.Bakun with
J.Boatwright on a set of probabilistic
ground shaking maps for the
individual events addressed in the
probability assessments from the 1990
working group (Working Group on
California Probabilities, 1990).
R.WESSON pointed out that a couple
approaches are possible:
J.Evernden's approach seems
somewhat standardized and appears
to derive ground motion from
intensity and J.Boatwright's
approach may have a higher degree
of detail and resolution with regards
to substratum conditions.
J.Boatwright and others are
attempting to better understand and
document J.Evernden's approach
and to bring together a couple
additional methodologies for
predicting ground motion and/or
intensity together on a regional scale.
A.LINDH pointed out that
K.Coppersmith has addressed the



San Francisco Bay area with a state-
of-the-art model using characteristic
earthquakes with conditional
probabilities plus regional b-slope
with a strain budget constraint and is
asking hundreds of thousands to
millions of dollars per site. A A LINDH
proposed San Mateo County as the
trial region because of the availability
of a digitized Quaternary materials
map. T.HEATON agreed that this
would be a good idea, but that most
scientists don't want to address
intensity (which is convenient for
interpretation and planning) because
it is subjective. The Council discussed
the topic and several alternative
activities and concluded that at a
future meeting NEPEC would review
the map results of various methods of
predicting ground motions and/or
intensities from a specific earthquake
scenario using different
methodologies presented at a meeting
to be organized by USGS personnel in
Menlo Park.

The Chair asked the members to
address the next meeting both in
terms of topics and venue.
J.DIETERICH mentioned that for
some time the Council had been
talking about addressing earthquake
hazards and outstanding predictions
in Hawaii. T.HEATON noted that the
Hawaii Volcano Observatory is very
interested in addressing the issue in
a more robust manner. R.WESSON
pointed out that is organizing a
workshop on Hawaiian earthquakes
and several mainlanders will be
attending that event. As an
alternative to a meeting on Hawaiian
earthquakes in Hawaii, the Council
determined to evaluate the Hawaiian
predictions at a mainland meeting
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and to invite the four or five most
active workers to attend.

J.DAVIS noted that the Council had
been considering addressing the
work that R.Weldon presented in the
evening session, and R.WESSON
suggested that, if the Council were to
address that work, K.Sieh should be
invited to present his analysis.
J.DIETERICH thought out loud that
if we address the results of these two
workers, shouldn't the whole issue of
southern California probabilities be
readdressed. While RRWESSON said
that it might not be warranted to
readdress the probabilities for a
region each time a new article is
published, he agreed that Weldon's
and other recent work emphasized
the need for a reevaluation of
southern California, especially
noncharacteristic models. He
suggested that a long-range plan for
evaluating the situation in the region
seems warranted, starting with the
predictive ground motion analysis
that SCEC was addressing. The next
step might be the methodology for
predicting ground motions and/or
intensities addressed previously. By
1994, 6 years after the first report,
NEPEC might produce a definitive
update of the consensus view for
southern California.

A meeting in the East was
mentioned. RWESSON summarized
the issue concerning how to do
probabilities in the East and pointed
out that A.Johnston and others have
produced some estimates for the New
Madrid zone and elsewhere in the
East. NEPEC could address
methodology in order to determine
the best ways to estimate recurrence
probabilities for the East.



The Council proposed two future
meetings. A meeting held in the
Menlo Park in October or November,
1992, would address the strong
ground motion issues and the
Hawaiian predictions, as well as
receive the reports of the two working
groups (Parkfield and CSZ). Next
winter, a meeting in the East would
address probabilities there and any
remaining business from earlier
meetings.

R.WESSON reported that NEPEC
Member J.Davies, in addition to his
seismological and NEPEC interests,
is a member of the Borough
Assembly, which demands a
considerable amount of time, and
also serves the seismology
community as a member of the
NEHRP Advisory Board. J.Davies
reports being over committed and has
indicated that he will soon be sending
a letter of resignation from NEPEC.
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