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BACKGROUND AND SUMMARY OF THE WORKSHOP ON EARTHQUAKE HAZARDS
IN THE PUGET SOUND, WASHINGTON AREA
by
Walter W. Hays and Paula L. Gori
U.S. Geological Survey
Reston, Virginia 22092

INTRODUCTION

One hundred and two geologists, seismologists, engineers, social scientists,
emergency planners, and public officials participated in a 3-day workshop on
"Earthquake Hazards in the Puget Sound, Washington Area,” held in Seattle,
Washington, October 29-31, 1985. The workshop was scheduled to coincide with
the establishment of a special task force appointed by the Governor of
Washington to consider the formation of a Washington State Seismic Safety
Council. The first two days, attended by 85 people, followed an interactive
problem-solving format and had a comprehensive scope. This part of the 3-day
meeting was cosponsored by the U.S. Geological Survey (USGS), the Federal
Emergency Management Agency (FEMA), the Washington State Department of Natural
Resources, and the Washington State Department of Emergency Management. The
third day of the meeting, attended by 27 people, was a special extension of
the workshop which was organized as a meeting of a "working group” of experts
on subduction zone earthquakes and earthquake preparedness. Ten of these
participants also attended the first two days of the workshop. The meeting of
the "working group” was cosponsored by the USGS and the U.S. Nuclear
Regulatory Commission (NRC). The goal of the "working group” was to discuss
the potential for a great subduction-zone earthquake in the Puget Sound area
and to define a research agenda that would resolve two questions in the next 3

to 5 years:

1. Does geologic evidence exist in the Puget Sound area for large

prehistoric subduction-zone earthquakes?

2. How can the current pattern of convergence, deformation, and the

configuration of the plates be determined?
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The Puget Sound workshop was the thirty-third in a series of workshops and
conferences that USGS has sponsored since 1977 under the auspices of the
National Earthquake Hazards Reduction Program, usually in cooperation with
FEMA and one or more other Federal or State agencies and institutions. Each
workshop and conference has a general goal of improving mitigation of
earthquake hazards by bringing together producers and users of earthquake
hazards knowledge to discuss: a) technical issues, b) mitigation issues, and
c) ways to resolve them. In addition, each workshop has a specific goal of
strengthening the current research and earthquake-hazards-mitigation
activities in the State or region. In this workshop, the specific goals were

to:

1. Review the results of current research studies in the Puget Sound

areae.

2. Review the lessons learned from past earthquakes in the Puget Sound
area and in other parts of the world that are transferable to the

Puget Sound area.

3. Review the body of knowledge accumulated for other subduction zones of .
the world and discuss the similarities and dissimilarities of the
Puget Sound area, in terms of earthquake potential and the nature and

extent of earthquake hazards with other subduction zones.

4. Review the status of ongoing earthquake preparedness, education, and

planning programs in the Puget Sound area.

5. Recommend a range of achievable actions that are needed in the Puget
Sound area to reduce potential losses from earthquake hazards and to
accelerate progress in research and implementation of loss-reduction

measures in the next 3 to 5 years.
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HISTORICAL SEISMICITY OF THE WASHINGTON AND OREGON REGION

The Washington and Oregon region as a whole is characterized by a low-to-
moderate level of seismicity in spite of the active volcanism of the Cascade
Range. Table 1 lists the most important earthquakes that have occurred in the

region. The three most recent damaging earthquakes were:

1. 1965 Seattle earthquake--This magnitude (MS) 6.5 earthquake occurred

between Tacoma and Seattle on April 29, 1965, with a focal depth of
about 59 km (35 mi). It was felt over 337,000 kmz. It caused damage
of $12.5 million (actual dollars). Seven people were killed.

2. 1949 Olympia earthquake--This magnitude (MS) 7.1 earthquake occurred
between Olympia and Tacoma on April 13, 1949, with a focal depth of
about 70 km (42 mi). It was felt over some 390,000 km2
damage of $25 million (actual dollars). Nearly all tall buildings in

and caused

Olympia were damaged. Eight people were killed.

3. 1872 Pacific Northwest earthquake--This December 14, 1872, Pacific

Northwest earthquake was felt over a wide region extending from the
Pacific Coast to Montana and from British Columbia to central

Oregon. Although this earthquake predated instrumental seismology,
the available data suggest that it had a shallow depth of focus and an
epicentral intensity of about IX on the Modified Mercalli Intensity
scale. The precise location of the epicenter is still somewhat

controversial.

SEISMICITY IN THE PUGET SOUND, WASHINGTON AREA!

Since 1840 nearly 1,000 earthquakes large enough to be felt by residents have
occurred in the State of Washington. Many of these caused localized property

damage. Some past earthquakes were felt throughout Washington, northern

1 This section is reprinted with minor editorial changes from Noson, Linda, 1984
"Seismic Summary,” Washington Geologic Newsletter, v. 12, no. 2, pp. 2-4.
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Oregon, and southern British Columbia. Two of these events, a magnitude 7.1

in Olympia (1949) and a magnitude 6.5 between Tacoma and Seattle (1965),

caused damage totaling well in excess of $200 million (1983 dollars), many

injuries, and 15 deaths. Seismologists agree that earthquakes comparable to

those in 1965 and 1949 will recur in Washington State.

of

TABLE 1. HISTORICAL SEISMICITY OF THE WASHINGTON AND OREGON REGION

(From Algermissen, S. T., 1983, An introduction to the seismicity
the United States, Earthquake Engineering Research Institute Monograph,
El Cerrito, California, 148 p.)

Date Location Maximum Magni tude
MMI (1)) (Approx. M)
o S
Dec. 14, 1872 Near Lake Chelan, WA IX (7.0)
(Probably shallow depth
of focus)
Oct. 12, 1877 Cascade Mountains, OR VIII
Mar. 7, 1893 Umatilla, OR VII
Mar. 17, 1904 About 60 km NW of Seattle VII
Jan. 11, 1909 North of Seattle, near VII
Washington/British Columbia
Dec. 6, 1918 Vancouver Island, B.C. (VIII) 7.0
Jan. 24, 1920 Straits of Georgia (VIID)
July 16, 1936 Northern Oregon, near VII (5.7)
Freewater
Nov. 13, 1939 NW of Olympia VIl (5.8)
(Depth of focus about 40 km)
April 29, 1945 About 50 km SE of Seattle VIiI
Feb. 15, 1946 About 35 km NNE of Tacoma Vi1 6.3
(Depth of focus 40-60 km)
June 23, 1946 Vancouver Island (VIII) 7.2
April 13, 1949 Between Ol ympia and Tacoma VIII 7.1
(Depth of focus about 70 km)
April 29, 1966 Between Tacoma and Seattle VIII 6.5
(Depth of focus about 59 km)
Note: Numbers in parentheses are best estimates.
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Recent studies (Heaton and Kanamori, in press; Savage, Lisowski, and Prescott,
1981; Weaver and Smith, 1983) suggest that many more damaging earthquakes than
those that have already occurred in the State in historic times are possible.
Weaver and Smith discuss recent seismic data from southwestern Washington that
outline a 90 km (54 miles) nearly north-south striking crustal earthquake zone.
They have interpreted this as a fault capable of generating a moderate- to large-
magnitude shallow earthquake. The general tectonic model proposed by Weaver and
Smith to explain recent earthquake observations in Puget Sound makes it necessary
to consider the possibility of an earthquake comparable to the devastating
magnitude (MS) 8.5 Prince William Sound, Alaska earthquake in 1964.4 The Alaska
earthquake has been assigned a moment magnitude (Mw) of 9.2, the second largest
event in this century. Neither a sizable shallow earthquake in southwestern
Washington nor a large Alaska-type event have been considered in the current
assessment of the earthquake hazards and risk for Washington. The 1964 Alaskan

earthquake was a subduction zone earthquake (Figure 1).

On the basis of past earthquake activity, the Applied Technology Council (1978)
assigned most of the Olympics, Puget Sound, and the north Cascades a seismic
hazard index of 4 on a scale of 1 (lowest) to 4 (highest) in regard to expected
levels of ground accelerations and ground velocities. The seismic hazard index
is used in the devel opment of seismic regulations for the design of buildings.
Even without considering the interpretation of recent seismic data, which
suggests the possibility of even larger ground accelerations and ground
velocities, most of Washington has been classified as an area of high earthquake

risk.

When the possibility of a large damaging earthquake is discussed, most people
assume one is talking about California, Alaska, or perhaps Turkey. Those three
areas do have a higher recurrence rate for damaging earthquakes than the Puget
Sound area. Public awareness of an indigenous earthquake hazard is likewise
greater in those areas than in areas such as the Puget Sound where such
earthquakes occur less frequently. Consequently, more effort and funding have
been devoted to finding ways to reduce the personal and economic effects of
future earthquakes in those locations. Unfortunately, in places like Washington
State where such earthquakes occur less often, public awareness of the potential

dangers and losses from earthquakes is disturbingly low.
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Figure l.--Schematic illustration of the physical processes taking place in a
subduction zone where one tectonic plate is slowly being thrust over
another tectonic plate. In the Puget Sound area, the North American
plate is being thrust over the Juan de Fuca plate at a rate of
approximately 3 cm/yr. Many aspects of this process are still
controversial in the Puget Sound area and many technical issues are
unresolved, including: 1) the present day rate of convergence, 2) the
physical features and seismic coupling of the Juan de Fura and North
American plates, 3) the capability of the subduction zone to rupture and
produce large to great earthquakes, and 4) the range of magnitudes,
recurrence intervals, and physical effects of future potential
earthquakes.
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Without awareness, the motivation to act effectively to develop and implement

earthquake hazards reduction measures is absent.

The earthquake risk in the State of Washington cannot be restricted to one
jurisdiction. Past large earthquakes located deep beneath southern Puget Sound
were felt strongly in the State and caused significant damage throughout western
Washington. More catastrophic events would similarly affect large areas. The
economic impact of severe damage to the major metropolitan areas of the State
would adversely affect all State resources. Eastern Washington has had moderate,
very shallow earthquakes historically. The shallow depth of eastern Washington
earthquakes limits the area somewhat over which damages are high, but increases
the degree of damage near the epicenter. Therefore, earthquakes must be seen as

a statewide concern.

GROUND-SHAKING HAZARD IN THE PUGET SOUND, WASHINGTON AREA

An earthquake in the Puget Sound area can cause the hazards of ground shaking,
ground failure, surface fault rupture, regional tectonic deformation, seiches,
and (depending on the hypocentral location) tsunamis (Figure 2). Each of these
physical phenomena (hazards) can cause damage, economic losses, loss of life,

injuries, loss of function, and loss of confidence.

The ground-shaking hazard usually causes the greatest percentage of damage and
losses, although ground failures and tsunamis can also be very devastating.
Representations of the ground shaking hazard can be either deterministic or
probabilistic (for example, see publications by Ihnen and Hadley, 1984;
Algermissen and others, 1982). Each type of representation has its particular
value in applications. The probabilistic mode of representation (Figures 3-6)
are becoming more common and are now being applied in the devel opment of zoning
maps in building codes (for example, the 1978 Applied Technology Council model
building code) and in the formulation of design criteria for critical facilities

that require large margins of safety.
The most important ground-motion parameters are : 1) amplitude, 2) spectral

composition, and 3) duration of shaking. Although some controversy still exists

over procedures for defining the ground-shaking hazard in terms of these three
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Figure 2.--Schematic illustration of the types of physical phenomena (hazards)

that an earthquake in the Puget Sound area can cause.

Each phenomenon

(hazard) can cause significant damage and losses unless mitigation
strategies have been implemented in each urban area.
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Figure 3.--Comparison of the ground-shaking hazard in terms of peak horizontal
bedrock acceleration and exposure time for the Seattle area and several
other parts of the United States. The potential amplifying effects of
soil must be considered separately. Although some controversy exists
over absolute values of peak rock acceleration at a location, the

relative values for a given exposure time are stable between locations.
(From Algermissen and others, 1982).
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Figure 4.--Map showing the ground-shaking hazard in Washington and Oregon in
terms of peak horizontal bedrock acceleration and a 10 year exposure
time. The effects of soil must be considered separately. The values of
acceleration have a 90 percent probability of nonexceedance (From
Al germissen and others, 1982).
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Figure 5.--Map showing the ground-shaking hazard in Washington and Oregon in
terms of peak horizontal bedrock acceleration and a 50 year exposure
time. The values of acceleration have a 90 percent probability of non-
exceedance (From Algermissen and others, 1982). Such a map is typically
used in building codes. An ordinary building has a useful life of about
50 years.
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Figure 6.—-Map showing ground-shaking hazard in Washington and Oregon in terms
of peak horizontal bedrock acceleration and a 250 year exposure time.
The values of acceleration have a 90 percent probability of non-
exceedance (From Algermissen and others, 1982).
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parameters, the data and the state-of-knowledge has advanced to the point that
realistic representations can now be made. The process requires: a) considerable
research, b) synthesis of existing data, and c¢) utilization of new data and
understanding gained from damaging earthquakes in areas having anal ogous tectonic

settings. It is illustrated schematically in Figure 7.

THE REGIONAL EARTHQUAKE HAZARDS ASSESSMENTS PROGRAM ELEMENT OF THE NEHRP

Beginning October 1, 1983, the USGS initiated the program element, "Regional
Earthquake Hazards Assessments.” This element, a part of the National Earthquake
Hazards Research Program (NEHRP), was created to develop the basic information
and the partnerships needed for evaluating earthquake hazards and assessing the
risk in broad geographic regions containing important urban areas and to provide
a technical and political basis for devising loss-reduction measures that can be
implemented by local govermments. The goal is to provide an integrated program
having comprehensive research goals and producing generic information that can be
used to reduce potential earthquake losses in urban areas. The scientific
emphasis is on developing a fundamental physical understanding of the cause,
frequency of occurrence, and the physical effects of earthquake ground shaking,
surface faulting, ground failure, and tectonic deformation in various geographic
regions. This program element requires a high degree of team work, utilizing
technical and nontechnical skills, to accomplish the goals of each task. Users
of the information produced by this program (for example: agencies of Federal,
State, and local governments involved in emergency response, building safety, and
planning) cannot find such an integrated synthesis and evaluation of earthquake
hazards in the scientific literature. Also, loss estimates have not been updated
in most urban areas for many years and the risk may be seriously underestimated

due to the sharp increase in buil ding wealth and construction.

The interrelated tasks of the program element are described below:

Task 1: Information Systems - Because each research project produces basic

data and information, the goal is to produce a comprehensive information
system, available to both internal and external users, designed to give a

data base that is as uniform in quality and as complete on a regional and

B0 23012C
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Figure 7.--Schematic illustration of the wide range of topical studies that

must be performed to define the ground-shaking hazard in an urban area.
The most important physical parameter controlling the amplitude, spectral
composition, and duration of the free-field ground shaking at a site
include: 1) earthquake occurrence (seismicity, recurrence rates),

2) fault mechanics (seismogenic sources, hypocenter, fault type, fault
rupture length), 3) regional attenuation (epicentral distance between the
source and recording site, Q), and 4) local ground response (thickness
and physical properties of the soil-rock column). Soil-structure
interaction, which occurred in the 1985 Mexico earthquake, is an
important consideration in earthquake-resistant design.
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urban scale as possible. Several categories of data can be identifed,
including: seismicity, gravity and magnetics, well logs, seismotectonic
data, fault trenching data, stress measurements, seismic reflection
profiles, ground failure data, soils data, ground motion data, inventory of
structures, damage assessments, bibliographic references, publications, and
maps. Because of the potentially large scope of the task, care must be
exercised to create a system that is both practical and economical. An
initial task is to create a "directory of researchers"” for the Puget Sound

area.

Task 2: Evaluation and Synthesis of Hazards Information - The goal is to

use new and existing data to produce synthesis reports and maps describing
the state-of-knowledge about earthquake hazards (ground shaking, surface
faulting, earthquake-induced ground failures, and tectonic deformation) in
the region and to recommend future research to increase the state-of-

knowl edge required for the devel opment and implementation of 1loss-reduction
measures. The research will provide a fundamental understanding of the
cause, nature, and physical effects of each earthquake hazard. Devel opment
of models (hypotheses) and analysis of data are important aspects of this

task.

Task 3: Ground Motion Modeling - The goal is to dévelop deterministic and

probabilistic ground motion models and maps. Commentaries will be provided
so that others can use the models for generating ground-shaking hazard maps
and for evaluating the sensitivity of uncertainty in median values of

important physical parameters.

Task 4: Loss Estimation Models - The goal is to devise economical methods

of acquiring inventories of structures and developing a standard model for
loss estimation. Commentaries on the use of such a model and its
limitations will be provided so that others can use it. Loss estimates will

be produced for several specific planning scenarios.

Task 5: Implementation - The goal is to foster implementation of loss-

reduction measures in urban areas. 1In an urban area, the severity of an

earthquake disaster depends upon three factors: a) the magnitude of the
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earthquake——-the larger the magnitude the greater the potential for
damaging levels of ground shaking and other earthquake hazards, b) the
location of the earthquake source relative to an urban area--except in
special cases such as the 1985 Mexico earthquake, the closer the source
of energy release to an urban area, the greater the potential for damage,
and c) the degree of earthquake preparedness within the urban area—-the
smaller the number of loss reduction measures adopted by the local
community and the lower the level of preparedness, the greater the

potential for a disaster having great loss of life and economic loss.

To increase the state-of-preparedness in an urban area, conferences and
workshops will be convened to bring together producers and users of
earthquake hazards information. Participants representing business and
industry, the private sector, Federal, State, and local government will
be involved in the conferences and workshops. Proceedings of the
conferences and workshops will be communicated to a wide audience,

promul gating the research results and recommending specific actions,
based on these research results, that will increase the overall state-of-

preparedness.

The external scientific and engineering community are participating in this
program element through the USGS' program of grants and contracts. In 1986,
the Puget Sound, Washington area was assigned 3rd priority in terms of
allocation of external USGS resources, following‘the Wasatch Front, Utah area
(first), and California.

THE 1985 CHILE EARTHQUAKE

Information on the large earthquake (MS = 7.8) that occurred near Valparaiso,
Chile, on March 3, 1985, is included in this report because the experience and
information provided by the 1985 Chile earthquake are considered to be very
relevant to three regions of the United States: the Puget Sound area,
Southern Alaska, Washington, and Puerto Rico. Similar effects as those in the
Chile earthquake could happen in each of these three regions. All four
regions have a similar tectonic setting, namely a subduction zone where one

tectonic plate is sliding at the rate of several inches per year beneath
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another tectonic plate (see Figure 1). The world's greatest earthquakes
(e.g., 1960 Chile earthquake (Mw = 9.5) and 1964 Prince William Sound, Alaska,
earthquake (Mw = 9.2)) have occurred in subduction zones. The 1960 and 1985
Chile earthquakes were caused by subduction of the Nazca tectonic plate
beneath the South American plate. The 1985 Chile earthquake caused 176
deaths, 2500 injuries, and economic losses from architectural and structural
damage to buildings and lifelines of about $2 billion. Unreinforced masonry
and adobe buildings sustained the greatest damage from ground shaking.
Although, well-engineered buildings generally performed well, a hospital
suffered extensive damage, indicating the need for stringent earthquake-
resistant design criteria for critical facilities and tough inspection

standards and enforcement procedures.

THE 1985 MEXICO EARTHQUAKE

A month before the workshop, a great earthquake occurred in Mexico on
September 19, 1985. This earthquake was the most devastating earthquake of
the past decade in North America. It severely damaged parts of Mexico City,
the world's most populated metropolitan area. Because it was also a
subduction zone earthquake having potential relevance for Puget Sound, Alaska,

and Puerto Rico, its effects are summarized below for completeness.

The great 1985 Mexico earthquake, initially rated as M, = 7.8 but later
upgraded to M/ = 8.1, occurred at a depth of 18 km (11 mi) in the Mexico
trench subduction zone where the Cocos tectonic plate is being subducted
beneath the North American plate at the rate of about 3 cm/year. The
existence of a possible seismic gap in this portion of the Cocos plate and a
general forecast of a large earthquake having an average recurrence interval
of about 35 years had been made in 1981 by McNally. The exact time of the
earthquake had not been specified, however. This earthquake was noteworthy
because about 300, 5 to 20 story buildings located in part of Mexico City,
(about 250 miles from the epicenter) collapsed partially or totally, causing
an estimated 10,000 deaths, numerous injuries, and economic losses of possibly

$5 to 10 billion. A quarter million people lost their homes.
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Because of prior planning by American and Mexican scientists and engineers, a
number of strong motion accelerographs were in place in the epicentral area at
the time of the earthquake and recorded ground motions in the order of 0.18 g,
a low value for a great earthquake. Both the epicentral region and a part of
Mexico City were assigned an intensity of IX on the Modified Mercalli
Intensity scale. The extraordinarily high degree of damage at this large
epicentral distance according to Rosenbleuth (1986) was mainly due to a double
resonance phenomenon (called soil-structure interaction) involving the ground
response and the building response. The long period (2 second) ground motion
was amplified by the 50-meter thick, water-saturated, ancient lake bed
underlying part of Mexico City. The amplified ground motion was amplified
again by the 5 to 20 story buildings because the resonant period of the ground
was very close to the resonant period of the buildings, especially as damage
caused some of the building periods to lengthen. The ground motion had a
duration of more than 3 minutes (see Figure 8). The lake beds were recognized
in 1964 by Zeevaert as having a characteristic site period of about 2 seconds,
the natural period of vibration of a typical 20-story building. Past distant
earthquakes (e.g., 1957 and 1962 Mexico earthquakes) had also caused damage in

Mexico City that was attributed to site amplification by the lake bed.

A building code including a factor for soil conditions has been adopted and
implemented in Mexico City since 1976, but it was not appropriate for the most
severe effects of this great earthquake in the lake bed zone. However,
buildings built after 1976 performed better than those built before 1976. 1In
the 1985 earthquake, six buildings collapsed at the Mexico General Hospital;
about 400 doctors, nurses, and patients were trapped in the ruins of the
Juarez hospital, just 8 blocks from the Presidential Palace. Government
buildings, as a group, sustained considerable damage. Long distance
telecommunications with the rest of the world were interrupted for several
days after the earthquake due to the destruction of the main microwave

transmitter and the lack of a redundant, backup system.

The strong motion data, from the Mexico earthquake, together with the data
acquired in the March 3, 1985, Chile earthquake, provide an unprecedented
strong-ground motion data sample for subduction zone earthquakes recorded near

the source.
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Figure 8.--Accelerogram (top) recorded in a free field location on the surface
of the 50-meter-thick lake bed forming the foundation in parts of Mexico
City. The epicenter of the September 19, 1985 Mexico earthquake was
located some 250 miles to the west. The strong 2 second period energy in
the acceleration, velocity (middle) and displacement (bottom) time
histories are a consequence of the filtering effects of the lake bed
which has a resonant period of about 2 seconds. The ground motion was
amplified about a factor of five relative to adjacent sites underlain by
firmer rock-like materials. The approximate coincidence of the dominant
period of ground shaking with the fundamental period of vibration of the
5-20 story buildings located in the lake bed zone contributed to their
partial and total collapse. These records were provided by the
Universidad Nacional Autonoma de Mexico.
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ASSESSMENT OF EARTHQUAKE HAZARDS AND POTENTIAL RISK

A schematic illustration of the total range of the subject that must be
considered in order to assess potential risk and to foster implementation of
loss-reduction measures is shown in Figure 9. The assessment of the potential
risk (chance of loss) in an urban area from earthquake hazards is a complex
task requiring three models: 1) an earthquake hazards model, 2) an exposure
model (inventory), and 3) a vulnerability model. Each model is described
briefly below with additional detail being provided by the papers contained in

this report.

Earthquake Hazards Model (See papers by Crossen, Heaton, Schwartz, Ihnen,

Grant, Preuss, and Bernard.) Assessment of risk in Puget Sound is closely
related to the capability to model the earthquake hazards of ground shaking,
surface fault rupture, earthquake induced ground failure, tectonic
deformation, and tsunamis. Most of the spectacular damage and losses in an
earthquake are caused by partial or total collapse of buildings as a
consequence of the severity of the horizontal ground shaking. However, ground
failures triggered by earthquake ground shaking can also cause substantial
damage and losses. For example, during the 1964 Prince William Sound, Alaska,
earthquake, ground failures accounted for about 60% of the estimated $500
million total loss with landslides, lateral spread failures, flow failures,
and liquefaction causing damage to highways, railway grades, bridges, docks,
ports, warehouses, and single family dwellings. Surface faulting, which
generally affects a long narrow area, has not occurred in the Puget Sound
area. Surface faulting, which generally occurs in earthquakes of magnitude
5.5 or greater in California and Nevada, has damaged lifeline systems and
single family dwellings, but has not directly caused deaths and injuries.
Tsunamis have occurred in Puget Sound, Alaska, Hawaii, Puerto Rico, and the

Virgin Islands, and have caused substantial loss of life and damage.

The earthquake hazards model seeks to characterize the nature and extent of

each hazard by finding explicit answers to the following questions:
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Figure 9.--Schematic illustration of the wide range of subjects that must be
considered in the assessment of regional earthquake hazards and risk of
the Puget Sound area. Three models: a) earthquake hazards, b) exposure,
and c) vulnerability are needed. Incorporation of new knowledge from
damaging earthquakes is an important part of the process that fosters
implementation of effective loss-reduction measures.
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1. Where have past earthquakes occurred? Where are they occurring now?
2. Why are they occurring?
3. How often do earthquakes of a certain size (magnitude) occur?

4. How bad (severe) have the physical effects (hazards) been in the
past? How bad can they be in the future?

5. How do the physical effects (hazards) vary spatially and temporally?
The answers to these questions are used to define the critical, controlling
physical parameters for each hazard. For example, the amplitude, frequency
composition, and duration of horizontal ground shaking are the three

parameters of ground shaking that correlate best with damage.

Exposure Model (See paper by Olsen). The spatial distribution of things and

people exposed to earthquake hazards is called inventory. The inventory is

one of the most difficult models to characterize.

For risk assessments, the term structure is used to refer to any object of
value that can be damaged by the earthquake hazards of ground shaking, surface
faulting, ground failure, tectonic deformation, and tsunami wave run up. The

various categories of structures include:

1. Buildings (residential, agricultural, commercial, institutional,

industrial , and special use).

2. Utility and transportation structures (electrical power structures,

communications, roads, railroads, bridges, tunnels, air navigational

facilities, airfields, and waterfront structures).

3. Hydraulic structures (earth, rock, or concrete dams, reservoirs,

lakes, ponds, surge tanks, elevated and surface storage tanks,

distribution systems, offshore platforms, and petroleum systems).
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4. Earth structures (earth and rock slopes, major existing landslides,

snow, ice, or avalanche areas, subsidence areas, and natural or
altered sites having scientific, historical, or cultural

significance).

5. Special structures (conveyor systems, sky lifts, ventilation systems,

stacks, mobile equipment, tower, poles, signs, frames, antennas,
tailing piles, gravel plants, agricultural equipment, furnishings, and

shelf items in the home).
A structure consists of many elements. To predict losses, the contribution of
each individual element to the total response of a structure responding to the

dynamic forces induced by ground motion (or another hazard) must be modeled.

Vulnerability Model (See paper by Olsen). Vulnerability is a term describing

the susceptibility of a structure or a class of structures to damage. The
prediction of the actual damage that a structure will experience when
subjected to a particular hazard (such as ground shaking) is very difficult as

a consequence of:

l. Irregularities in the quality of the design and construction (for
example, some building are designed and built according to a building

code; some are not).
2. Variability in material properties.

3. Uncertainty in the level of ground shaking induced in the structure as

a function of magnitude, epicentral distance, and local site geology.

4, Uncertainty in the response of the structure to earthquake ground

shaking, especially in the nonlinear range after failure occurs.

A fragility curve can be used to represent failure of a specific type of
structure (or a structural system) when it is exposed to the dynamic forces
induced by ground shaking. For most structures, damage occurs as a function

of the amplitude, frequency composition, and duration of horizontal ground
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shaking and manifests itself in various states ranging from "no damage"” to
"collapse.” Specification of the damage states of a structure is very
difficult because each state of damage is a function of the lateral-force-

resisting system of the structure and the severity of the hazard.

OPTIONS FOR RESEARCH AND MITIGATION (See papers by Hays, Nosen, Bolton). In

conjunction with an assessment of the potential risk from earthquake hazards,

answers are needed for the following questions:

l. What are the viable options for mitigating potential losses from

earthquake hazards? Which options are best?

2. What research is needed to provide sound technical and societal bases

for devising loss-reduction measures (that is, development of a

technology or methodology).
3. How is technology transferred?

The answers to these questions encompass a wide range of possibilities and

. provide mitigation options such as the following:

l. Personal and institutional preparedness (See paper by Linda Noson)--

prepare on an individual and institutional basis for the wide range of
impacts that are expected to occur, taking advantage of efficiencies

provided by preparation for other natural hazards such as floods.
2. Avoidance (See papers by Preuss and Buck)--when the spatial
characteristics of the hazard are known, select the least hazardous

areas for construction sites.

3. Land-use regulation (See papers by Preuss and Buck)--reduce the

density of certain types of buildings and facilities or prohibit their
construction within parts of the area characterized by a relatively

high frequency of occurrence or severity of damage.

% A 201



4. Engineering design criteria and building codes (see papers by Hays and

OLsen)—--require buildings to have a lateral-force-resisting system that
is appropriate in terms of the frequency of occurrence and the severity
of the hazard expected in a given exposure time (for example, an exposure
time of 50 years which corresponds with the useful life of ordinary
buildings). Incorporation of lessons learned from past damaging

earthquake is needed to improve earthquake-resistant design.

5. Distribution of 1osses——use insurance and other financial methods to

distribute the potential losses expected in a given exposure time.

6. Response and recovery (See papers by Buck, McCallum)--plan response and

recovery measures that will address all of the needs identified in

realistic earthquake disaster planning scenarios.

7. A seismic safety organization (see paper by Steinbrugge)--devise public

policy and plans to achieve seismic safety. (Note: such organizations
now exist in California, Kentucky, South Carolina, Massachusetts, and New

York).

8. Technology transfer—--initiate a specific program of technology tranmsfer

to augment local resources by taking advantage of advances in knowledge

and mitigation made in other parts of the United States (Figure 10).

WORKSHOP PROCEDURES

The procedures used in the workshop and meeting of the "Workshop Group” were
designed to enhance the interaction between all participants and to facilitate
achievement of the general and specific objectives. The first four procedures
described below were used in the first 2-days of the workshop; the fifth was used
on the third day in the meeting of the "Working Group:"

PROCEDURE 1: Scientists, social scientists, engineers, planners, and emergency

management specialists gave oral presentations in four plenary sessions to

provide basic information on the themes of the workshop.

2 NA= )2



TECHNOLOGY TRANSFER
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Figure 10.--Schematic illustration of the basic components of a program of
technol ogy transfer for the Puget Sound area. Each part of the United
States has faced the problem of earthquake hazards and has developed
technical data bases and specific strategies for implementing 1oss-
reduction measures. Some elements of the data bases and experiences are
transferrable at low cost and effort to the Puget Sound. With
cooperation over a 3-5 year period, much can be accomplished.
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PROCEDURE 2: Research reports and preliminary technical papers prepared in
advance by the speakers were distributed at the workshop and used as basic
references. The technical papers prepared by the speakers were finalized after

the workshop and are contained in this publication.

PROCEDURE 3: Three discussion groups met simultaneously to work and discuss a
set of problems prepared: a) to illustrate methodology, b) to define the nature
and extent of potential earthquake hazards in the Puget Sound area, and c) to

provide a framework for answering the question:

If the 1949 and 1965 Puget Sound earthquakes recurred today, what

types of physical effects are likely to occur and how severe could

the losses be?

PROCEDURE 4: The participants were assigned randomly to a second set of three
discussion groups. The goal was to identify the priority actions that are needed
in the next 3 to 5 years to reduce potential losses from future earthquake

hazards in the Puget Sound area. Each group addressed the questions:
1. What do we know now?
2. What do we still need to know in order to accomplish our goals?

3. What achievable activities should receive the highest priority in the

next 3 to 5 years?

Group l: Concentrated on regional geologic and seismological studies needed to
assess the earthquake potential of the Puget Sound area and to define the ground-
shaking hazard. The Moderator was Walter Hays, USGS.

Group 2: Concentrated on scientific and engineering studies needed to assess the
ground failure hazards in the Puget Sound area. The Moderator was Darrell Herd,

USGS.

Group 3: Concentrated on actions needed to foster implementation of loss

reduction measures in the Puget Sound area. The Moderator was Paula Gori, USGS.
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PROCEDURE 5: Twenty-seven experts on various topics related to subduction
zone earthquakes and earthquake preparedness were invited to participate in a
special session on the third day of the workshop. The goal was to clarify, to
the extent possible, how the Puget Sound area fits the worldwide body of
knowledge on subduction zones that has been accumulated and to define specific
research tasks that might be undertaken to resolve technical issues that are
causing controversy. The meeting was scheduled so that specific information
could be provided to potential proposers in the annual Program Announcement of

the USGS' research program that was scheduled for December 1985.

PLENARY SESSIONS

Following an introduction of the workshop objectives and agenda by Walter
Hays, USGS, the highlights of the September 19, 1985, Mexico earthquake were
presented by E. V. Leyendecker of the National Bureau of Standards. The
workshop processes were developed in 4 plenary sessions and 2 sets of group
discussions involving all the participants. The themes, objectives, and

speakers for each plenary session are described below.

PLENARY SESSION I: Review of current studies and the state-of-the-art in

identifying and assessing earthquake hazards in the Puget Sound area.

Objective: An integrated series of overview presentations answering the
questions: WHERE? WHY? HOW BIG? HOW OFTEN? WHAT ARE THE PHYSICAL EFFECTS
OF GROUND SHAKING, EARTHQUAKE-INDUCED GROUND FAILURE, SURFACE FAULTING,
REGIONAL TECTONIC DEFORMATION, AND TSUNAMIS? WHAT ARE THE POTENTIAL LOSSES
FROM THESE PHYSICAL EFFECTS? and WHAT ARE THE OPTIONS FOR MITIGATING THESE
LOSSES?

Speakers: Geological and seismological setting of the Puget Sound area
—-Robert Crosson, University of Washington
—-Darrell Cowes, University of Washington
--Craig Weaver, U.S. Geological Survey

The potential for a major earthquake in the Puget Sound area and a

preliminary assessment of some of its possible effects
——Tom Heaton, U.S. Geological Survey
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Tsunami potential in the Puget Sound area
—--Jane Preuss, Urban Regional Research

The potential for ground failures in the Puget Sound area
——Paul Grant, Shannon and Wilson, Inc.

Evaluation of potential losses in the Puget Sound area—-—
Extrapolation from 1949, 1965, and 1976 to the present
——Bruce Olsen, Consulting Engineer

PLENARY SESSION II: Review of lessons learned from past earthquakes that are

applicable to the Puget Sound area

Objective: Presentations describing the scientific, engineering, and societal
lessons gained from past worldwide earthquakes that can be transferred to the

Puget Sound area
Speakers: Societal lessons
——Patricia Bolton, Batelle Human Affairs Research Center

Technical lessons
—-Walter Hays, U.S. Geological Survey

PLENARY SESSION ITII: Review of earthquake preparedness and planning programs

in the Puget Sound area

Objective: Presentations giving the status of important programs in the Puget
Sound area that provide answers to the question, "Is the Puget Sound area

prepared for a major earthquake?”

Speakers: Earthquake education
--Linda Noson, University of Washington (State Seismologist)

Status of earthquake preparedness planning
—-Bill Mayer, Federal Emergency Management Agency, Region X
——Larry McCallum, Washington Department of Emergency Management

Comments on mitigation activities of the Federal Emergency
Management Agency
——Gary Johnson, Federal Emergency Management Agency, National Office

Building codes, current practices, and possible changes that would
affect the potential performance of buildings in the Puget Sound area
in a major earthquake

—=Bruce Olsen, Consulting Engineer
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PLENARY SESSION IV: RECOMMENDATIONS FOR NEXT STEPS

Speakers : Functions of a Seismic Safety Organization
--Karl Steinbrugge, Consulting Engineer

Technical , societal, and political issues that need to be resolved in
the Puget Sound area and actions for recommended research, mitigation
actions, and response and recovery planning needed in the next 3 to 5
years

—-Wal ter Hays, U.S. Geological Survey

--Gary Johnson, Federal Emergency Management Agency, National Office
—-Jerry Thorsen, Washington State Department of Natural Resources
--Bill Mayer, Federal Emergency Management Agency, Region X

—-Larry McCallum, Washington State Department of Emergency Management

DISCUSSION GROUPS AMD QUESTIONNAIRES

Two discussion periods were scheduled. The first period was used to discuss
typical problems. In the second period three groups were formed to identify
priority actions that are needed to reduce potential losses from future
earthquake hazards in the Puget Sound area. Each group used at least one of
the following four questionnaires to focus the discussion on: What do we know
now? What do we still need to know in order to accomplish our goals? What
achievable activities should receive the highest priority in the next 3-5

years?

The moderators of the three discussion groups were: Group l1--Walter Hays,

USGS; Group 2--Darrell Herd, USGS; and Group 3--Paula Gori, USGS

Each participant was given the following instructions with the four

questionnaires:

On the basis of your knowledge and perceptions select the status that you

believe to be appropriate for each research study and research product, where:
Number 1 means that we know very little and lack empirical and theoretical
knowledge. Implementation is not yet feasible.

Number 2 means that we have limited empirical and theoretical knowledge.
Implementation is not yet credible.

Number 3 means that we have adequate empirical and theoretical knowledge to

solve the problem in a general way. Implementation is feasible and has an
acceptable technical basis, but controversy exists.
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Number 4 means that we have sufficient empirical and theoretical knowledge to
solve the first order problem reasonably accurately. Implementation is
credible and can be fostered with minimal controversy.

Number 5 means that we have the required empirical and theoretical knowledge
to solve the first order problem completely. Implementation of loss reduction
measures can be achieved and the appropriate partnerships exist to produce the
required legislation and to enforce it.

Select the appropriate priority, where priority 1l means that this research
activity or product development should receive first priority, etc.

QUESTIONNAIRE I: STATUS OF RESEARCH ON EARTHQUAKE AND TSUNAMIGENIC POTENTIAL
IN THE PUGET SOUND, WASHINGTON AREA

Research topic Status Recommended Priority
for next 3 to 5 years

RESEARCH

1. Historic seismicity 1 2 3 4 5 1 2 3
2. Current seismicity 1 2 3 4 5 1 2 3
3. Activity of specific faults 1 2 3 4 5 1 2 3
4. Tectonic setting 1 2 3 4 5 1 2 3
5. Seismic gaps 1 2 3 4 5 1 2 3
6. Seismogenic sources 1 2 3 4 5 1 2 3

(subduction zone)

7. Earthquake recurrence 1 2 3 4 5 1 2 3
8. Tsunamigenic sources 1 2 3 4 5 1 2 3
PRODUCTS

1. Seismicity maps 1 2 3 4 5 1 2 3
2. Map of seismogenic zones 1 2 3 4 5 1 2 3
3. Map of tsunamigenic zones 1 2 3 4 5 1 2 3
4. Fault activity map 1 2 3 4 5 1 2 3
5. Seismotectonic maps 1 2 3 4 5 1 2 3
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QUESTIONNAIRE II: STATUS OF RESEARCH ON THE GROUND SHAKING HAZARD IN THE
PUGET SOUND, WASHINGTON AREA
Research topic Status Recommended Priority
for next 3 to 5 years

RESEARCH
1. Seismogenic zones 1 2 3 4 5 1 2 3
2. Attenuation laws for acceleration 1 2 3 4 5
3. Attenuation laws for velocity 1 2 3 4 5 1 2 3
4, Attenuation laws for spectral

velocity ordinates 1 2 3 4 5 1 2 3
5. Duration 1 2 3 4 5 1 2 3
6. Engineering properties

of soil and rock 1 2 3 4 5 1 2 3
7. Local ground response 1 2 3 4 5 1 2 3
PRODUCTS
1. Map of seismogenic zones 1 2 3 4 5 1 2 3
2. Probabilistic maps of

ground shaking hazard 1 2 3 4 5 1 2 3
3. Maps of ground shaking

hazard for specific scenarios 1 2 3 4 5 1 2 3
4, Maps of seismic risk zones 1 2 3 4 5 1 2 3
5. Engineering properties

of surficial deposits 1 2 3 4 5 1 2 3

QUESTIONNAIRE III: STATUS OF RESEARCH ON THE GROUND-FAILURE HAZARD IN THE
PUGET SOUND, WASHINGTON AREA

Research topic Status Recommended Priority
for next 3 to 5 years

RESEARCH
1. Liquefaction potential 1 2 3 4 5 1 2 3
2. Landslide susceptibility 1 2 3 4 5 1 2 3
3. Reactivation of old landslides
4. Characterization of sensitive

clay behavior 1 2 3 4 5 1 2 3
5. Characterization of foundation 1 2 3 4 5 1 2 3

materials
PRODUCTS
1. Regional liquefaction maps 1 2 3 4 5 1 2 3
2. Regional landslide

susceptibility maps 1 2 3 4 5 1 2 3

3. Maps of sensitive clay formations 1 2 3 4 5 1 2 3
4, Dam inmundation maps 1 2 3 4 5 1 2 3
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QUESTIONNAIRE IV: IMPLEMENTATION OF SPECIFIC ACTIONS TO REDUCE POTENTIAL
LOSSES FROM EARTHQUAKE HAZARDS IN THE PUGET SOUND, WASHINGTON AREA
Topic Status Recommended Priority
for next 3 to 5 years

RESEARCH
l. Siting considerations

for new construction. 1 2 3 4 5 1 2 3
2. Delineation of the hazard

for emergency response purposes. 1 2 3 4 5 1 2 3

3. Local planning tools
(comprehensive planning,

zoning, and building codes). 1 2 3 4 5 1 2 3
4. Education programs for
decisionmakers. 1 2 3 4 5 1 2 3

5. Education programs for the

general public including

school children. 1 2 3 4 5 1 2 3
6. Research on hazard laws which

are hazard specific

(lateral spreading, fault

rupture, tsunami, etc.). 1 2 3 4 5 1 2 3
7. Warning system hazard awareness

and personal preparedness. 1 2 3 4 5 1 2 3
8. Liability and insurance products. 1 2 3 4 5 1 2 3
9. Studies pertaining to level

of exposure and definition

of "reasonable” level of risk. 1 2 3 4 5 1 2 3
PRODUCTS
1. 1Improved model warning

procedures. 1 2 3 4 5 1 2 3

2. Preparation of model codes

and plans (comprehensive

planning and zoning). 1 2 3 4 5 1 2 3
3. Educational (curriculum

packages pertaining to

earth sciences). 1 2 3 4 5 1 2 3
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SUMMARY OF RECOMMENDATIONS OF DISCUSSION GROUPS

Using the 4 questionnaires presented above as a frame of reference to focus
discussion, the discussion groups arrived at a number of consensus-type
conclusions. They are summarized below in the context of each questionnaire.

I. Earthquakes and tsunamigenic Potential Status Priority
A. Research

Historical Seismicity 3 1
Current Seismicity 3 2
Activity of Specific Faults 2 3
Tectonic Setting 2 3
Seismic Gaps 2 3
Seismogenic Sources 2 1
Earthquake Recurrence 2 1
Tsunamigenic Sources 2 1
B. Products
Seismicity Maps 3 2
Map of Seismogenic Zones 2 1
Map of Tsunamigenic Zones 2 2
Fault Activity Map 2 3
Seismotectonic Maps 2 2
II. Ground-Shaking Hazard Status Priority
A. Research
Seismogenic Zones 3 1
Attenuation law, acceleration 2 3
Attemuation law, velocity 2 3
Attenuation law, spectral velocity 1 1
Duration 2 3
Engineering Properties of Soil/Rock 3 2
Local Ground Response 2 1
B. Products
Map of Seismogenic Zones 2 1
Probabilistic Maps of Ground Shaking 3 3
Ground Shaking for Specific Scenarios 2 1
Map of Seismic Risk Zones for Building 3 2
Code
Reports, Engineering Properties of 2 1
Soil /Rock
I1I. Ground-Failure Hazard Status Priority
A. Research
Liquefaction Potential 4 2
Landslide Susceptibility 3 1
Reactivation of 0ld Landslides 3 2
Characterization of Sensitive Clay 3 3
Behavior
Characterization of the Foundation 4 3
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B.

Status priority

Products

Regional Liquefaction Maps

Regional Landslide Susceptibility Maps
Maps of Sensitive Clay Formations

Dam Inundation Maps

Maps of Fill Areas

Implementation Status
A. Research
Siting considerations 4
Delineation of the hazard 3
for emergency response
purposes
Local planning tools 3
Education programs for 3
decisionmaker

2 1

3 2
2 2

4 3
2 1
Priority

2

Knowledge is available for
siting new construction.
Maps of surface geology are
available. There is
sufficient information to
require site specific
information for entire Puget
Sound area. Site specific
studies can be required
through Uniform Building
Code/Environmental Impact
Statements. Although
building officials may
require site specific
studies, they may not be
aware of need or
availability of information.

2

Varies with jurisdiction.
Insufficient information
about vulnerability of
transportation systems,
freeways, etc. Need to
decide on design event.
Design event may need
updating as new information
accumulates. Accessibility
of information may be a
problem.

2

Are available but not
integrated. Implementation
and enforcement varies. May
have conflict of purpose.

1

Programs are available.
There is a lack of on-going,
programs. Professional
curriculum is weak.
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Education programs for
the general public
including school children

Research on hazard laws
which are hazard specific
(lateral spreading, fault
rupture, tsunami, etc.)

Warning system hazard
awareness and
personal preparedness

Liability and insurance
products

Studies pertaining to level

of exposure and definition
of "reasonable”

Products

Improved model warning
procedures

Preparation of model codes
and plans (comprehensive
planning and zoning)

Educational (curriculum
packages pertaining to
earth sciences)

Hazard Maps: Ground
shaking, liquefaction
potential, landslide
susceptibility, etc.

level of risk

Status Priority

3 1
Red Cross provides training
on first aid and safety and
survival.
programs on earthquakes.
All materials to design a
program are available.
Seattle Earthquake Safety
and Education Project rates
an "A".

1 3

2 2

1 2

2 3

2 3

2 1

3 2

3 2
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THE "WORKING GROUP" MEETING

The following individuals were a part of the "Working Group” that met on the

third day of the workshop:

John Adams, Earth Physics Branch, Canada
Ted Algermissen, U.S. Geological Survey
Leon Beratan, Nuclear Regulatory
Commission
John Booker, University of Washington
Jane Bullock, Federal Emergency
Management Agency
Don Caldwell, Golder Associates
Bob Crossen, University of Washington
Walter Hays, U.S. Geological Survey
Tom Heaton, U.S. Geological Survey
Darrell Herd, U.S. Geological Survey
Steven Ihnen, Sierra Geophysics, Inc.
Gary Johnson, Federal Emergency
Management Agency
Hiroo Kanamori, California Institute
of Technology
Ken Lajoie, U.S. Geological Survey

Brian Lewis, University of Washington

Stephen Malone, University of Washington

Caryl Michaelson, U.S. Geological Survey

Jane Preuss, Urban Regional Research

Anthony Qamar, University of Washington

Al Rogers, U.S. Geological Survey

Gary Rogers, Pacific Geosciences Center,
Canada

Bob Rothman, Nuclear Regulatory Commissios

Jim Savage, U.S. Geological Survey

David Schwartz, U.S. Geological Survey

Stewart Smith, Incorporated Research
Institution for Seismology

Bill Spence, U.S. Geological Survey

Jerry Thorsen, Department of Natural
Resources

Craig Weaver, U.S. Geological Survey

Jim Zollwig, U.S. Geological Survey

Following a comprehensive overview presentation by David Schwartz, USGS, the

working group discussed a wide range of technical issues concerning the

potential for a great earthquake in the Puget Sound area.

The following

generalizing principles were suggested to guide research in the next 3 to 5

years:

Give highest priority to research in the Puget Sound area that:

1. Ascertains if a great prehistoric subduction zone earthquake has

occurred in the Puget Sound.

2. Determines the nature of the interface of the subducting plates and

their capability to produce large to great earthquakes.

3. Defines the pattern of current deformation and the configurations of

the plates.
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Quantifies the maximum magnitudes, recurrence intervals, and physical

effects of potential large to great earthquakes.

Adds new knowledge on the entire boundary of the Pacific~North American

plates, especially in the Pacific Northwest.

Enables comparisons on a global scale with other subduction zones.

CONCLUSIONS AND RECOMMENDATIONS OF THE WORKSHOP

The following conclusions emerged from the workshop:

1.

Although a reasonable body of knowledge on earthquake hazards in the Puget
Sound area has been accumulated, additional knowledge is needed to resolve

important technical issues and to eliminate or reduce controversy.

In general, a high priority should be given to proving that the Puget Sound
area is facing a new threat--that a high probability exists for the

occurrence of a great subduction zone earthquake. However, the recurrence
of damaging shallow earthquakes like the 1872 Pacific Northwest earthquake

should not be minimized because of its potential for causing damage.

As specific goals in the ongoing research program sponsored under the
auspices of the NEHRP, highest priority should generally be given to

studies of:

a) historical seismicity (for example, restudy important historic
earthquakes) such as the 1872 and the 1949 earthquakes).

b) seismogenic sources (including the potential subduction zone model).

c) earthquake recurrence rates.

d) tsunamigenic sources.

e) attenuation law for spectral velocity.

f) 1local ground response (and potential soil-structure interaction).

g) engineering properties of soil and rock.
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h) regional liquefaction susceptibility.

i) regional landslide susceptibility.

4. As specific goals to continue fostering the implementation of loss-
reduction measures, high priority should be given to producing:
a) maps of seismogenic zones.
b) maps of ground shaking for specific planning scenarios.
c) reports on engineering properties of soil and rock.
d) maps of regional liquefaction susceptibility.
e) maps showing fill areas.
f) education programs for the decisionmaker and the public.

g) preparation of model codes and urban land-use plans.

5. The participants of the "Working Group"” urged that another meeting of the
same type be planned in the near future to communicate and to accelerate
progress in both research and implementation of research results in the

Puget Sound area.
6. High priority should be given to the planning for a possible Seismic Safety
Council in Washington. All available resources should be marshalled to

complete the September 1986 report to the Governor of Washington.
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APPENDICES

Three appendices are included in the report. Appendix A contains a list of the
participants. Appendix B contains a glossary of technical terms, including
terminology on subduction zones. Appendix C lists the 96 strong motion stations in

Oregon and Washington.
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EVALUATION OF THE WORKSHOP ON '"EARTHQUAKE HAZARDS
IN THE PUGET SOUND, WASHINGTON, AREA"

by

Sallie A. Marston
University of Colorado

Boulder, Colorado 80309

On October 29 and 30, 1985, a workshop on the earthquake hazard in the
Puget Sound Area of Washington State was held in Seattle. The workshop was
designed to define the nature of the earthquake threat as well as to assess
the adequacy of planning and preparedness programs in the area. At the close
of the two-day event, participants were asked to evaluate the success of the
workshop based on a number of criteria.

Responses were elicited on a five-point scale: 1 and 2 representing the

lowest level of agreement, or a "no" response, 3, moderate agreement, and 4 and

5 highest agreement,or a "yes'" response (see Figure 1). Since not all respondents
answered all questions, percentages reflect only those questions completed. Also,
percentages discussed in the text are a combined total of a positive response

of 3, 4 and 5.

The questionnaire asked workshop participants to rate 1) the usefulness of
the information and activities provided; 2) the usefulness of the various session
formats; 3) the level of earthquake awareness and concern before and after the
workshop. Finally, participants were asked to list one or two "positive" and
"less than positive" aspects of the workshop and to identify possible future
actions they might undertake to carry out some of the specific recommendations
made in the workshop.

Evaluations returned by 36 participants indicate that the workshop was
successful in meeting its objectives (see Figure 2 for percentages). Ninety-two

percent of the participants found the workshop useful for increasing their
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knowledge of the potential risk. Eighty-eight percent found that the workshop
increased their knowlege of the social and technical issues that face the Puget
Sound area before, after, and during an earthquake. Seventy-eight percent

felt that the workshop had improved their awareness of educational, preparedness,
and building code and construction practices in the area. Finally, over 97%

felt that the workshop added to their understanding of what actions could be
taken to reduce potential earthquake losses in the Puget Sound area.

In another area the participants indicated that the workshop was successful
in providing new sources of information and expertise (92%) and establishing
a better understanding of the problems faced by researchers and decision makers
97%) .

In evaluating the effectiveness of various session formats, 977% found the
formal presentations to be useful, with virtually all of the participants giving
a high rating to discussions about the 1985 Chile and Mexico earthquakes.
Participants rated the discussions following the presentations as useful (89%).
In examining the rating of the problem solving/discussion group it is useful to
break the responses into the three categories of low, moderate and high. As
the percentages show, the percentage of low (28%) and moderate (30%) ratings is
significant. The ratings for questionnaire/discussion groups are similar with
a low rating of 207 and a moderate rating of 33%. It would appear that these
activities are regarded as less than useful or, at least, in need of improvement.
Participants also found the preprints of abstracts (87%) and the informal
discussions (94%) to be of value.

Nearly all of the participants would welcome the opportunity to repeat the
workshop experience. In addition, the participants indicated unanimous support
for future workshops on the earthquake hazard in the Puget Sound Area.

Responses related to pre-workshop awareness and concern of the earthquake
threat indicated that four out of five participants considered themselves

already knowledgeable and concerned. Still, after the workshop all respondents
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indicated that the experience increased both awareness (92%) and concern (100%).

Because this workshop is meant not only to increase awareness and concern
but also to affect future behavior, the questionnaire elicited open ended
responses about future mitigative action. One of the most common responses to
this question was related to improving public awareness of the hazard through
education. Other possible future actions included: update community disaster
plans, attend more meetings, keep up with code requirements, become involved
in community earthquake planning, hire an environmental geologist and produce
hazard zonation maps.

Comments regarding "positive" and "less than positive' aspects were
numerous. Among the latter, and most often noted, were that the scientific
presentations were too technical and the technical speakers need to improve
their communication skills, Other comments on aspects of the workshop that need
improvement include: more interaction between researchers and planners; more
emphasis on state-federal interaction; follow up information (names, addresses,
session summaries); discussion formats need improvement, and, a discussion of
the financial/insurance impact of the hazard would be helpful.

The positive comments which had wide support among the workshop participants
were also numerous. The positive comment most often indicated was the opportunity
to interact with a wide variety of experts on the various aspects of the earth-
quake hazard. Other comments included: the accessibility and usefulness of the
information presented; the opportunity to interact with others in the Puget
Sound Area who are involved in earthquake research or mitigation; and, the

increased awareness of the hazard the workshop promoted.
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Figure 1

EVALUATION OF WORKSHOP BY INDIVIDUAL PARTICIPANTS

Low High
1 &2 3 4 &5

Did you find the workshop to be useful to you or your
organization by increasing your knowledge of:
a. earthquake hazards in the Puget Sound area?........... 3 11 22
b. the potential risk from earthquake hazards in the

Puget Sound area?..eeeeceeesscneesccnnns teeceiennans 6 12 18
c. societal and technical issues that face the Puget

Sound area before, during, and after an earthquake?... 4 16 16
d. status of educational and preparedness programs

and building codes and construction practices in

the Puget SOUNd @rea7......eeeevencesosessocnsonsosees O 10 18
e. achieveable actions that can be taken to reduce

potential losses from earthquake hazards in the

PUGET SOUNA BIrea37.eeeetmerencessnvesencaressansonnnnas O 13 17
Did the workshop benefit you or your organization by:
a. providing new sources of information and expertise you

might want to utilize in the future?...eeivviivnnnenn. 1 5 30
b. establishing better understanding of the prob]ems

faced by researchers and decisionmakers?.....veeevsee. 3 8 25
Did you find the following activities useful:
a. formal presentations?.e.ieeeeeeecernceneracennnnoannas 1 8 25
b. information about the 1985 Chile and Mecho

earthquakes?. e venernnennns Cerraeeeae O L 12 24
c. discussions fol]ow1ng the formal presentations7 ceiee. b 10 22
d. problem solving/discussion groups ....... e eeraeeaes 10 11 15
e. questionnaires/diSCussSion groupS?.eeeeeeeescececeeness 7 12 17
f. preprints of papers, expanded abstracts?.......... cees 4 7 21
g. informal discussions during breaks and after hours?,.., 2 7 26
If the clock were turned back and the decision to attend
the workshop were given to you again, would you want to
o o4 P -0~ 33
Should future workshops be planned to continue the work
initiated at this Meeting?.eeeseeeevereenereneoonaeneoness 0 4 30
Prior to attending this workshop, I would rate my awareness
of the earthquake threat in Puget Sound aS....ieeenevansns 7 8 21
Prior to attending this workshop, I would rate my concern
about the state-of-earthquake preparedness in Puget 3 10 ’3

Sound 3S..ee.. Ceeerenasas e et sensesersrecnectnsarseserrnnen

I now rate my awareneSS AS..eceeesssocssesscassannnccsanns

I now rate My CONCErN 8S.ieevssencsoscransensosnosaonosons
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9.

Low High
1 &2 3 4 & 5
Did you find the workshop to be useful to you or your
organization by increasing your knowledge of:
a. earthquake hazards in the Puget Sound area?........... 8% 31% 61%
b. the potential risk from earthquake hazards in the
Puget Sound area?........ Ceerrtieannes T Y &4 337% 50%
c. societal and techn1ca] issues that face the Puget
Sound area before, during, and after an earthquake?... 11% 447 457
d. status of educational and preparedness programs
and building codes and construction practices in
the Puget SoUNd QrBa37.eueeevreeeesnsnocecccnneonnnsnes 227 28% 50%
e. achieveable actions that can be taken to reduce
potential losses from earthquake hazards in the
Puget Sound area?..... —eeenn NP & 36% 47%
Did the workshop benefit you or your organization by:
a. providing new sources of information and expertise you . . .
might want to utilize in the future?...... trecretenana 3% 14% 83%
b. establishing better understanding of the problems
faced by researchers and decisionmakers?....ceveeeenn. 8% 22% 70%
Did you find the following activities useful:
a. formal presentations?......... Ceeeieeeaan Cetetenanenen 3% 23% 74%
b. information about the 1985 Chile and Mexico
earthquakes?. . vuvurvenneensens A 33%z  67%
c. discussions followwng the formal presentations?....... 11% 287 61%
d. problem solving/discussion groups?........ ceesesaeena. 28% 30% 427
e. questionnaires/discussSion groupsS?..ieececsessessseasss 207 337% 47%
f. preprints of papers, expanded abstracts?...... creeee.. 127 227 66%
g. informal discussions during breaks and after hours?... 6% 20% 747
If the clock were turned back and the decision to attend
the workshop were given to you again, would you want to
o = T 3% -0- 97%
Should future workshops be planned to continue the work
initiated at this meeting?..v.eieeeiieeeceennnesoenconeas ~0- 12% 88%
Prior to attending this workshop, I would rate my awareness
of the earthquake threat in Puget Sound as..... Citereaceans 207 227 58%
Prior to attending this workshop, I would rate my concern
about the state-of-earthquake preparedness in Puget
SoUNd 8S...ieeenvanennns ceetenennnans ceeeas Ceessseesens 8% 28% 64%
I now rate My aWATreNeSS AS.seseeceossnassseecccsssassaness —0— 3% 977%
cesssneesas —0- 6% 94%

I now rate my concern aS......

Figure 2
EVALUATION OF WORKSHOP BY PERCENTAGES OF PARTICIPANTS

45

~NoR 208




SEISMOLOGICAL SETTING OF THE PUGET SOUND REGION

by

Robert S. Crosson
Geophysics Program
University of Washington

Seattle, Washington 98195

LNTRODUCTION

Recent investigations [e.g.,Heaton and Kanamori] as well as others have
made it clear that the implications of a large subduction earthquake along
the Juan de Fuca plate margin must be carefully studied. A subduction earth-
quake, possibly of magnitude greater than 8, would determine the seismic
hazard evaluation along the coastal regions of Washington and Oregon, and
possibly drastically change the current view of hazards in much of western
Washington, western Oregon, and British Columbia. Evidence for the earth-
quake potential along this margin comes from a variety of sources, including
correlation of plate age with rate of convergence, geodetic strain data, lev-
eling data, and plate morphology comparisons. Arguments have been made both
for and against seismic subduction along this zone, and clearly much addi-
tional work remains to be done to resolve this critically important question.
Although instrumental seismological data may not directly resolve the issue
of seismic vs. aseismic subduction, critical auxiliary evidence and struc-
tural data are obtained from seismic network operation and other seismic
experiments. Here we review some of the current findings of network seismol-

ogy in western Washington.
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IECTONIC SETTING

The Juan de Fuca plate is a remnant of the once larger Farallon plate
that covered much of the northeast Pacific. The JDF plate varies in age from
zero along the ridge crest to about 8 My where it descends eastward along the
Cascadia subduction zone beneath the North American (NA) plate. Current
estimates place the rate of convergence of these two plates at 3 to 4 cm/yr
in a direction about N50°E. Such estimates are based on analysis of magnetic

anomaly patterns and past plate reconstructions.

New material is being accreted to the NA plate by the subduction process
and deformation of sediments on the continental shelf and slope provides evi-
dence of the continuing convergence. On a scale the size of the JDF plate,
the actively spreading JDF ridge is seismically quiet, the Blanco transform
fault zone at the south end of the plate is seismically active, the Gorda
plate shows scattered and diffuse seismicity, and the Cascadia subduction
zone is quiet with scattered but lower level earthquake activity in western
Washington and northwest Oregon. No large subduction earthquakes are known
to have occurred in historic time, however the record only extends for not
much more than 150 years. On the other hand, there are a many intraplate
earthquakes up to magnitude 7, within either the NA or JDF plates. At even
the lowest levels of seismicity, subduction earthquakes are not detected,
making the nearly 1000 km long Cascadia subduction zone truly unusual in

worldwide perspective.

The concept of plate coupling advanced by Ruff and Kanamori is usefully
applied to the Cascadia zone. If the zone is strongly coupled (welded
together by friction and other processes), then strain is probably accumulat-

ing at a moderate rate and eventual release in a large magnitude earthquake
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on the subduction zone is likely. If the zone is weakly coupled, then all or
most of the deformation may be occurring as plastic or inelastic flow. Evi-
dence such as the geodetic strain accumulation and subduction zone morphology
may be used to infer the degree of coupling,however considerable uncertainty

remains.

SEISMICITY

The modern instrumental network was started at the University of Wash-
ington for the Puget Sound region in 1970. By the mid 1970's, broad regional
coverage for western Washington was established and the network has grown in
density and coverage since that time. The University currently operates more
than 100 stations statewide, providing detection capability for most of Wash-
ington to approximately magnitude 2 or better. The highest level of regional
earthquake activity on a continuing basis is in the greater Puget Sound
region, with localized intense activity found at Mt. St. Helens, and in
eastern Washington. A zone of seismicity trending NNW passes through the Mt.
St. Helens region and has been interpreted by Weaver and Smith as a shallow
crustal fault zone, perhaps the only one clearly identified as being active

seismically along this continental margin.

In the Puget Sound region, crustal earthquakes are found above a depth
of 30 km, occurring in distributed clusters over most of the basin to the
Cascade margin on the east. Subecrustal earthquakes are found at a depth of
35 km or greater, concentrated in a narrow depth range of 40 km to approxi-
mately 60 km, and displaced somewhat to the west of the shallow earthquakes.
Subcrustal earthquake sparsely cover an area roughly 3500 km2, An unusual
feature of the seismicity is the quiet zone separating the deep from shallow

earthquakes. This zone has been conventionally interpreted as the projection
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of the megathrust or boundary that separates the NA and JDF plates. The deep
zone has some structure with a more or less horizontal planar zone in the
southern basin, and a shallow dip to the east near the northern end of the
Olympic Peninsula. North of the Olympic Peninsula, the deep zone becomes
less coherent and almost disappears beneath the Strait of Georgia.

Recurrence statistics show that the b value of the deep suite of earthquakes
is nearer to .7 compared with a value closer to 1.0 for the shallow suite.

It appears that most, if not all, of the large earthquakes in the Puget Sound
basin (greater than magnitude 6) occur in the deep suite. However the magni-
tude 5.5 Elk Lake earthquake in 1981, north of Mt. St. Helens, was at a depth
of about 10 km, and shallow earthquakes near magnitude 5 may be common in the
Mt. Rainier region based on the historical catalog and network seismicity.
The capability for magnitude 6 or greater earthquakes to occur in crust of

the Puget Sound basin is now unknown.

STRESS

The arrival polarities from network observations provide a basis for
studying focal mechanisms, inferred slip directions, and inferred principal
stress directions, With the current network configuration in Washington,
many earthquakes provide well constrained focal mechanisms. A study of shal-
low (less than 35 km) earthquake focal mechanisms in the Puget Sound region
shows that most events are thrust or strike slip with P axes oriented predom-
inantly northward. Insofar as these reflect the directions of maximum prin-
cipal compressive stress, we may infer that the dominant tectonic stress in
the shallow lithosphere of the North American plate is approximately N-S.

The focal mechanisms of deep earthquakes in the same region show a much more

complex pattern with no clear dominant direction of either maximum or minimum
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compression. Subcrustal earthquakes are responding to different tectonic
processes than the shallow earthquakes, and that stress is largely decoupled
between these two groups. The quiet zone of separation is probably a region
of stress decoupling. Surface strain measurements [Savage et al.] suggest
maximum relative compression in a direction NT0CE in the Puget Sound region,
a direction significantly different from that suggested by the focal mechan-
ism data. One possibility for reconciling these observations is that the
strain measurements are sensitive to small changes in the ambient stress,
whereas the earthquake focal mechanisms are likely to respond to the magni-
tude of ambient stress. These two quantities may be different in a complex
tectonic environment. Additional strain and earthquake measurements are

necessary to clarify this problem.

STRUCTURE

In spite of an increase in both effort and data in recent years, the
deep structure of the continental margin region is still not well known.
Taber (1983) used seismic refraction data to establish the overall geometry
beneath the continental shelf and slope, but the structure inland is largely
inferred. Many studies have been made using teleseismic data, local and
regional earthquake data, and seismic refraction measurements, with varying
results. A recently completed Pn study shows that the Moho transition is
flat and readily detectable beneath western Washington. No evidence of a
shallowly dipping (10°) subducted slab was detected from this study, suggest-
ing that the slab may lie at some depth below the 40 km Moho transition in
the Puget Sound region. This evidence, coupled with a reexamination of the
coastal refraction data and a teleseismic receiver function analysis near the
Washington coast, suggests that the slab may dip as steeply as 25° beneath

the margin. Although tentative, this hypothesis may have implications for
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seismic hazard modeling from subduction earthquakes as well as for the origin
of the deep earthquakes beneath Puget Sound. Further work is needed to ade-

quately test this hypothesis.

DISCUSSION

Many basic seismological problems associated with the Cascadia subduc~-
tion zone require further investigation. The modern seismograph network pro-
vide us with vastly more data with which to solve fundamental problems.
Although the seismological studies have not provided us with the direct evi-
dence needed to assess the capability of the subduction zone to produce great
earthquakes, much valuable auxiliary evidence is accumulating. Continued
network measurements are important to detect possible changes in earthquake
activity related to the subduction process. It can be expected that detec-
tion of small subduction earthquakes might signal buildup of stress precur-
sory to a major subduction event. For this reason, monitoring in western
Oregon should be established, even though present day seismicity is low.
Efforts should be increased to obtain paleoseismic evidence of prehistoric
large earthquakes (or their lack), and geodetic strain and leveling measure-
ments must be expanded. If great earthquake potential for the Cascadia sub-
duction zone is firmly established, then the information on structure,
stress, and regional tectonics that we are getting from current seismological

research will provide the necessary basis for hazard analysis.
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Earthquakes Potential Associated with
the Cascadia Subduction Zone

by
Thomas H. Heaton and Stephen H. Hartzell
U.S. Geological Survey

525 S. Wilson Ave.
Pasadena, CA 91106

Cascadia Subduction Zone

The Cascadia subduction zone extends 1200 km along the western Coast of
North America from Cape Mendocino, Calif. to Vancouver Island, B.C. This zone
comprises the boundary along which the North America plate overrides three
relatively small oceanic plates (Gorda, Juan de Fuca, and Explorer plates) at a
rate of between Z-Uéto 4:V2cm/yr. However, subduction along this boundary has
presented earth scientists with a dilemma. Despite compelling evidence of
active plate convergence, subduction on the Cascadia zone has often been viewed
as a relatively benign tectonic process. There is no deep oceanic trench off
the coast; there is no extensive Benioff-Wadati seismicity zone; and most
puzzling of all, there have not been any historic low-angle thrust earthquakes
between the continental and subducted plates. The two simplest interpretations
of these observations are: 1) the Cascadia subduction zone is completely
decoupled and subduction is occurring aseismically, or 2) the Cascadia
subduction zone is uniformly locked and storing elastic energy to be released in
future great earthquakes. Lacking direct geologic or historic (less than 200
years) evidence of great subduction earthquakes, a full resolution of this issue

may prove elusive.

Are there any other subduction zones that appear to be similar to the
Cascadia subduction zone? It appears that one of the most diagnostic
characteristics of the Cascadia subduction zone is the very young age of the
subducted oceanic lithosphere (approximately 10 m.y.). Other subduction zones

where comparably young crust is subducting are found in southern Chile,
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southwestern Japan, Colombia, and Mexico. These zones share many physical
characteristics (including noteable periods of seismic quiescence) with the
Cascadia subduction zone. However, they have also been the source regions for
some of the largest historic subduction earthquakes (southern Chile ,

1960 M_ 91/ ; southern Japan, 1707 M_ 81/, 1944 M_ 8.1, 1946 M_ 8.1; Colombia,
1906 Mw 8.8; Mexico, 1932 M, 8.2, 1985 MS 8.1). A comparison of tectonic
features of the Cascadia subduction zone with those along the rupture zone of
the 1960 M, 9IAZChilean earthquake is shown in Figure 1. A more complete
summary of the results of this comparison study is given in Table I. If the
Cascadia subduction zone is in fact similar to these other subduction zones,

then the possibility of an earthquake of very large size must be considered.

Estimating Ground Motions for Large Subduction Earthquakes

There is currently a fairly large inventory of strong motion records from
shallow subduction earthquakes of M_ < 8]ﬂ,(most of these are Japanese).
Unfortunately relatively few records are available from subduction zones where
young oceanic crust is subducted, or from very large subduction earthquakes
(Mw > 8]ﬂ;). In order to understand how these earthquakes may differ from
earthquakes for which we do have strong motion data, we have systematically
characterized the time history of energy release for 63 of the largest
subduction earthquakes in the last 50 years by studying broad-band teleseismic
body~waves from those events as recorded in Pasadena, California. Comparison of
the teleseismic time functions with strong motion records from 13 of these
earthquakes often (but not always) shows a good correspondance between the
source duration and complexity as deduced from near and distant observations. A
comparison of the teleseismic time functions with the age of the subducted plate
does not yield obvious trends. Thus, we feel that the strong motion recordings
from Japan can be used to make meaningful estimates of potential ground motions

in the northwestern U.S.

We have collected over 50 strong ground motion recordings from more than 20
shallow subduction earthquakes having magnitudes of 7 or greater and have
prepared a set of figures summarizing the gound motions as well as the spatial

geometry of the stations relative to the aftershock zones. Response spectra
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Figure 1. Comparison of the geometry of subduction in the northwestern United States with that
in southern Chile. Maps are on the same scale. Sea-floor magnetic lineations and Quaternary
volcanoes are shown. Coseismic vertical deformation from the 1960 Mw 9.5 earthquake is also shown.

e DO/DS

54



3wty jeadad

¢ 4L 06 umouxun LML 008e *J4L 081 UL 821 PRV} 2] abeuany
(Z07T) 5782 "I 08T ™\ saxenbyjaes
(2e61) 2°8 (9061) 8°8 (¥961) 2°6 (ov61°vt61) 1°8| (0961) G°6 up auou atdo3sty 3sabuen
uitbuew [ejuautijuod
wj 08 uy 0€T wy 08t wy 0Tt wy 00T wy 021-0€ 30 UIpLM
AD| LeA 40
ou oug sak sak sak saf 39S puejul
ydsuadly ay3 WSLUued|o0A
sak sk buole satrdeA ou sak sak KJaeudadiend

N4H ¢-1 N4H ¢-1 N4H ¢-1
bty ybLy yby MO|} 3e3H
MO | MO| A3 LOLWS LS
l9redapouy MO| ajedapow MO JWETY K43N punoubyoeg
Lebw Q0T Lebw Qg Lebw QT Lebw Q0T Lebw Qg Lebw g Alewoue A}LAe4D
d3edapou [ Lews 93eJapouw 93eJ4apouw [ Lews [ LewsS dLe-33u4
SJUSWLpas M34| Pal Lty JUSWLPSS|PS| L4 JUSWLPIS PI[[LJ JUSWLPIS|PI| | L4 JuUSWLPAS| P3| [L4 Judwipas youauy

MO | [eyYysS MO [RYS MO |RYS MO [RYS MO| LeYyS MO| eys 40 J4330R4RY)
(4A/wo) a3eu
€2 8 LS €% 03 €°¢ 6 €% 03 €°¢ ERITELNETNT
93e|d ps3jonpqgns
01 6T 01 01 0S 01 O% 2 01 81 0£ 03 § 01 40 (*A-w) 8by
(30 d e4d3ALY) e LQWO(0) eysey ybnouy 3LLYD e|pedse)
001 X3l LejuenN u4ayanos
‘1 318vL



have been calculated for all components of acceleration. These spectra have
been sorted by magnitude and horizontal distance to the rupture surface. An
example of this procedure is shown in Figure 2. Comparison of spectra at
similar distances and earthquake magnitudes shows a very large scatter (about
one order of magnitude). This illustrates, that when considering questions of
design ground motions, the way in which this scatter is treated may be of

greater significance than deciding design earthquake size and magnitude.

There are no strong motions records available for earthquakes of
M, > 8%@,. In order to estimate motions from such earthquakes, we sum records
from smaller earthquakes using a model of the rupture characteristics of giant
earthquakes. The rupture characteristics are chosen in such a way that the
summation process will be compatible with observed teleseismic records of giant

earthquakes.

Many of the items mentioned in this abstract are discussed in more detail

in the following papers.

Hartzell, S.H., and T.H. Heaton (1985). Teleseismic time functions for large,
shallow subduction zone earthquakes, Bull. Seism. Soc. of Am., v. 75,
pp. 965-1004.

Heaton, T.H., and H. Kanamori (1984). Seismic potential associated with
subduction in the northwestern United States, Bull. Seism. Soc. of Am.,
Ve ﬁ, ppo 933_941.

Heaton, T.H., and H. Kanamori (1985). Reply to Hemendra Acharya on his comments
on "Seismic potential associated with subduction in the northwestern
United States™, Bull. Seism. Soc. of Am., v. 75, pp. 891-892,

Heaton, T.H., and P.D. Snavely, Jr. (1985). Possible Tsunami along the
northwestern coast of the United States inferred from Indian
Traditions, Bull. Seism. Soc. of Am., v. 75, pp. 1455-1460.

Heaton, T.H., and S.H. Hartzell (1985). Source characteristics of hypothetical
subduction earthquakes in the northwestern United States, submitted to
Bull. Seism. Soc. of Am., 67 p.
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SUBDUCTION ZONE EARTHQUAKES IN THE PACIFIC NORTHWEST:
EVALUATING THE POTENTIAL--THOUGHTS FOR DISCUSSION AT THE SEATTLE WORKSHOP

_David P. Schwartz

U.S. Geological Survey

Menlo Park, CA 94025

INTRODUCTION

There are three potential sources of damaging earthquakes in the Pacific
Northwest. These are shallow crustal faults of Quaternary age, faults within
the subducted slab of the Juan de Fuca plate that produce earthquakes at
depths of 50 to 70 km, and the shallow interface between the Juan de Fuca and
North American plates. Shallow crustal faults have not produced any docu-
mented historical surface-faulting earthquakes in the region; however, the
historical seismic record, the distribution of shallow instrumentally-recorded
seismicity, and the occurrence of events such as the 1983 M =5.5 Elks Lake,
Washington earthquake clearly indicate their potential. Extensional faults
within the subducted slab below Puget Sound have produced damaging earthquakes
with magnitudes of M=6.3 (1946), M=7.1 (1949), and M=6.5 (1965). The
recurrence interval, maximum magnitude, and potential areal distribution of
earthquakes from this source are not known.

The shallow interface between the Juan de Fuca and North American plates
is perhaps the most enigmatic of the potential sources. Presently available
geologic, seismologic, and geodetic data permit a variety of interpretations
regarding the nature of plate interaction along this shallow interface. These
include: present-day accumulation of strain on the plate interface using tri-
lateration data (Savage and others, 1981); a strongly coupled plate boundary

with the potential for large thrust earthquakes based on comparison with other
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subduction zones (Heaton and Kanamori, 1984); a locked plate interface inter-
preted from the orientation of P-axes along the Mt. St. Helens seismic zone
(Weaver and Smith, 1983); aseismic subduction based on leveling surveys and
tide gauge measurements (Ando and Balazs, 1979); and an unlocked subduction
zone with aseismic subduction based on the lack of interplate earthquakes, the
north-south orientation of P-axes of earthquake fault plane solutions, and the
amount of seismicity observed since 1900 (Rogers, 1983). There is clearly, at
the present time, a high degree of uncertainty regarding the seismic potential
of the interface. As used in the present discussion, seismic potential refers
to 1) the ability of the interface to rupture and produce large thrust earth-
quakes, and 2) the range of magnitudes, recurrence intervals, and the spatial
distribution of potential subduction events.,

Given these uncertainties, a major question is what new experiments or
studies can be undertaken to better define and quantify the seismic potential
of the Juan de Fuca-North American plate interface? Also important is a con-
sideration of methods to translate our understanding of the hazard into esti-
mates of ground motion for the region. One approach to evaluating the seismic
potential that has been used and that has focused attention on the region is
comparison between characteristics of the Juan de Fuca plate and other subduc-
tion zones. This comparative approach forms an important framework for evalu-
ating observations from the Pacific Northwest. It can also provide a focal
point for discussion at the workshop. I have reviewed aspects of subduction
zone comparisons below and I have also listed a series of questions that might

serve to focus discussion at the meeting.
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SUBDUCTION ZONE COMPARISONS AND QUANTIFICATION OF PACIFIC
NORTHWEST SEISMIC HAZARDS

For most subduction zones the seismicity during this century appears to
form an adequate basis for evaluating the seismic potential of the zone (Ruff
and Kanamori, 1980). However, the Juan de Fuca subduction zone is not known
to have produced any interplate earthquakes during the historical record of
approximately 150 years. This lack of interplate seismicity, which is the
most unique characteristic of the zone, can be variously interpreted to mean
that subduction is not occurring, that it is occurring aseismically, or that
the zone is in the quiescent phase of a seismic cycle that is significantly
longer than the historical record. Because the seismicity data alone cannot
be used to unequivocally evaluate the seismic potential of the zone, and
because the present geodetic and geologic data are subject to alternative
interpretations, other approaches need to be developed and used. One is to
compare seismological, geological, geophysical, and kinematic characteristics
of Juan de Fuca subduction with characteristics of other subduction zones.

Several authors have correlated subduction zone characteristics with
seismic potential. Some correlations are qualitative (Kanamori, 1977; Uyeda
and Kanamori, 1979; Lay and others, 1982) and group subduction zones into
broad categories such as "strongly coupled" or "weakly coupled”. Strong
coupling means that slip and enerqy release across the plate interface are
accomodated mainly by large earthquakes, whereas weak coupling means that the
relative plate motion across the interface occurs mainly through aseismic slip
and small earthquakes. Other correlations are more quantitative (Ruff and
Kanamori, 1980; Heaton and Kanamori, 1984; Peterson and Seno, 1984) and use
physical characteristics as a basis for estimating the size of earthquakes on

a subduction zone.
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Kanamori (1977) noted a variation in rupture length and magnitude of the
largest interplate earthquakes among the various subduction zones of the
northwest Pacific. To explain this, he proposed a model in which a youthful,
strongly coupled subduction style gradually evolves into a mature, weakly
coupled subduction style that is characterized by back-arc spreading and the
formation of marginal seas. Uyeda and Kanamori (1979) further examined the
relationship between seismic potential and back-arc spreading. They concluded
that great interplate earthquakes occur along subduction zones whose back-arc
regions are not actively spreading, but do not occur along zones where back-
arc spreading is active. They inferred a significant difference in the degree
of coupling in these two cases, and attributed these differences to different
stages of evolution of the subduction process.

Lay and others (1982) reviewed variations in the mode of rupture of large
earthquakes and the degree of coupling for 20 subduction zones. Using maximum
rupture length, seismicity patterns, percentage of aseismic slip, and source
time function characteristics, they characterized the stress regime in each
zone to develop a framework for evaluating future large earthquake activity.
In doing so, they defined four basic categories of subduction zone behavior.
Category 1 is characterized by the reqular occurrence of great events with
rupture lengths longer than 500 km, a large percentage of seismically released
relative plate motion and increased seismicity prior to main events. Category
2 is characterized by variations in rupture length with occasional ruptures of
500 km, clustering of large earthquake activity, doublets, and frequent pre-
cursory quiescence prior to large events. Category 3 is characterized by re-
peated rupture over zones of 100 to 300 km in length, multiple rupture events,
complex failure zones, and recurence intervals of 100 years or longer. Cate-

gory 4 1is characterized by the absence or infrequent occurrence of large
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thrust earthquakes, back-arc spreading, and an inferred large percentage of
aseismic stip.

Ruff and Kanamori (1980) compared historical maximum earthquake magni-
tude, penetration depth, length, age of the subducting lithosphere, and
convergence rate for 21 subduction zones to quantitatively correlate subduc-
tion zone characteristics and seismic potential. They used multivariate
regression analyses and found that the size of the largest historical inter-
plate earthquake on a subduction zone is well correlated (correlation coef-
ficient of 0.802) with convergence rate and age of the subducting lithosphere.
These two parameters are regarded as controlling the horizontal and sinking
rates, respectively, of slabs, and thereby influence the degree of seismic
coupling in the subduction zone. Ruff and Kanamori (1980) observed that
earthquake magnitudes are generally larger in subduction zones with high
convergence rates and young 1lithosphere, and that relatively aseismic
subduction occurs in zones with slow rates and old lithosphere.

Peterson and Seno (1984) calculated seismic moment release rates and
seismic slip rates for 24 subduction zones in order to compare the degree of
seismic coupling of each subduction zone. They compared moment release rates
to age of the subducting lithosphere, absolute velocities of the upper and
subducting plates, convergence velocity, arc length, maximum depth, and dip of
the Wadati-Benioff zone. They concluded that the moment release rate (and by
inference the degree of coupling) depends most clearly on the age of subduct-
ing lithosphere and the absolute upper plate velocity, and that it does not
appear to increase with convergence velocity. Zones with retreating upper
plates tend to have lower moment release rates.

Building on the concept of seismic coupling and earthquake potential,

Heaton and Kanamori (1984) compared some of the physical characteristics of
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the Juan de Fuca subduction zone with other subduction zones to evaluate the
degree of seismic coupling across, and estimate the potential maximum earth-
quake on, the shallow plate interface. These characteristics were the age of
the subducted lithosphere, convergence rate, depth of seismicity, depth of the
oceanic trench, dip of the Benioff zone, topography of the subducted slab,
presence of an accretionary prism, uplift of the overriding plate, and seismic
quiescence. They concluded that the Juan de Fuca subduction zone shares many
characteristics with other subduction zone that have historically generated
large thrust earthquakes and that are interpreted to be strongly coupled.
Based on a relationship between convergence rate, plate age, and observed max-
imum earthquakes for worldwide subduction zones, they also suggested a pos-
sible thrust earthquake with a moment magnitude (Mw) of 8.3 + 0.5 on the
shallow plate interface between the Juan de Fuca and North American plates.

As part of a comparative study of the Juan de Fuca and other subduction
zones Woodward-Clyde Consultants (1984) compiled information in 29 categories
for 29 subduction zones. This information was divided into four general
groups that reflected different aspects of the subduction process. These
groups were interplate seismicity, Benioff zone seismicity, intraplate stress
normal to the arc, and geologic/geometric characteristics.

Based on the data compilation and review, the Woodward-Clyde (1984) re-
port listed thirteen subduction zone parameters that have either been used by
other investigators to categorize the seismic potential of subduction zones or
appear to be useful in evaluating seismic potential for the Juan de Fuca
plate. These were convergdence rate, 1ithosbhere age, back-arc spreading,
depth of seismicity, trench bathymetry, dip of the Benioff zone, seafloor
topography, preseismic quiescence, focal mechanisms in the subducting plate in

the vicinity of the trench, focal mechanisms in the overriding plate, focal
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mechanisms in the back arc region, transverse structures/segmentation, and
heat flow. Convergence rate, lithosphere age, transverse structures/segmenta-
tion, and heat flow are inherent characteristics of the subducting slab that
can directly affect the nature of plate interaction and seismic potential.
The remaining parameters are an expression, both direct and indirect, of the
style and rate of plate interaction.

The Woodward-Clyde (1984) report also pointed out the alternative inter-
pretations that can be derived from the present data base and concluded that:
1) For the Juan de Fuca subduction zone the youthfulness of the oceanic crust
and the high heat flow suggest that the subducting slab is buoyant, which is
consistent with strong coupling. Conversely, the high heat flow may affect
the thermal-mechanical properties and the style of deformation (brittle versus
ductile) along the interface, and this is a factor requiring additional analy-
sis in evaluating the alternatives of seismic and aseismic subduction. 2)
Correlations between seismic potential and depth of seismicity, trench bathy-
metry, dip of the Benioff zone, and seafloor topography are weak. 3) Focal
mechanisms in the outer-rise region, the overriding plate, and the back arc
region may be expressions of the state of stress and nature of coupling.
Focal mechanisms for the Juan de Fuca subduction zone are compatible with weak
coupling; however, the data are sparse and are subject to alternative inter-
pretation., 4) The absence of back-arc spreading supports strong coupling
across the shallow plate interface. 5) Seismic quiescence along the zone is
remarkable given the length of the historical record, the convergence rate,
and the contact area of the shallow interface. This is compatible with, but
does not demonstrate aseismic subduction. 6) Availble data suggest the zone
contains individual segments with distinct lengths and down-dip geometries

although segment boundaries are presently not well-defined. Segmentation may
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directly affect not only potential rupture lengths and earthquake size and
location, but also earthquake recurrence for the zone.

In summary, subduction zone comparisons do provide an important framework
for evaluating the observations that we have from the Pacific Northwest. How-
ever, using the present data base, both from the Pacific Northwest and other
zones, the comparisons do not provide a unique solution regarding seismic po-
tential of the Juan de Fuca-North American shallow plate interface. The
challenge before this working group is to develop a strategy and set of recom-
mendations for what can or should be done to 1) better understand the physics
of plate interaction in the Pacific Northwest and 2) quantify the hazard both
in terms of source characterization (magnitude, location, recurrence) of, and
ground motions from, earthquakes associated with the subduction zone. With
this in mind I have included a list of general questions that might serve to

guide some of the discussion during the workshop.

DISCUSSION QUESTIONS
1. What 1is the nature of coupling across the Juan de Fuca-North American
plate interface? Is subduction completely seismic, aseismic, or somehwere

in between?

2. What is the geometry of the subducted slab? How does it vary down-dip?

Along strike?
3. What are the physical characteristics of the shallow interface? How can

heat flow, geometry, and crustal structure data be used to model thermal-

mechanical properties of the interface and the style of plate interaction?
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If seismic subduction occurs: a) What is the maximum earthquake?; b) What
js a realistic range of magnitudes for potential large earthquakes?; c)
What percentage of the length of the interface would be expected to rup-
ture in a future event? The entire boundary at once or shorter segments?;

d) What is the recurrence interval for large events?

Is the subducted slab segmented? Are there onshore/offshore geological
and geophysical data that indicate segmentation? To what degree might
segmentation constrain the location, size, and recurrence of future

earthquakes?

What are the kinematics of the adjacent plates (Gorda, Explorer)? How do

they reflect or affect Juan de Fuca-North American interaction?

What is the affect of major transforms to the north (Queen Charlotte) and
south (San Andreas) on stress in the North American plate? How might this

affect Juan de Fuca-North American plate interaction?

What would be the levels and distribution of ground motions that might
occur throughout the northwest from a large thrust event? How can data

from Mexico and Chile be used?

Given the uncertainty in the present, and possibly future, data base, what
is the best way to quantitatively express the subduction zone hazard for
the Pacific Northwest? Are probabilistic hazard models the best way to

go? What kinds of models should be used?
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10.

11.

12.

13.

What is the largest intraplate earthquake that might be expected to occur
throughout the region? What is the recurrence interval for this type of
event? Is this type of event restricted to the Puget Sound area or can it

occur beneath Oregon?

In what ways can seismologic and geodetic networks be expanded to obtain

additional basic data on the plate interface?

Are there appropriate paleoseismicity studies that would be useful for
demonstrating the occurrence, location, and repeat times of past thrust

earthquakes?
To what degree does coastal geomorphology (terraces, uplift, subsidence)

provide constraints on the style of plate interaction and the occurrence

and timing of past events?
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PREDICTION OF STRONG MOTION IN THE PUGET SOUND AREA
THE 1965 SEATTLE EARTHQUAKE
By
S. Thnen and D. M. Hadley

Sierra Geophysics
Redmond, Washington

I. INTRODUCTION

The Puget Sound region of Washington state (USA) is a major
metropolitan area with significant earthquake hazard. During this
century major earthquakes have occurred in 1904, 1939, 1945, 1946,
1948, and 1965, with the last two events being the most damaging.
According to the compilation of Hyndman and Weichert (1983), events
with magnitude six or greater have recurrence times in this area on the
order of 20 vyears. Recently, several authors (Heaton and Kanamori
(1984), Hartzell and Heaton (1984), Weaver and Smith (1983), Adams
(in press)) have presented information suggesting that a great

earthquake (M>8) may be a possibiiity in the Pacific Northwest.

The seismicity of Puget Sound can be divided into two groups
(Crosson, 1972): a diffuse, shallow group with hypocentral depths less
than 40 km and a deeper group which appears to loosely define a
Benioff zone. The 1949 and 1965 events occurred in this second group
at depths of sixty to seventy kilometers and are probably associated
with tensional breaking in the subducted Juan de Fuca plate (Rogers,
1983).

A number of investigators (e.g., Mullineaux', et al., 1967, Steinbrugge
and Cloud, 1965) have observed that Puget Sound earthquakes often
produce highly irregular damage patterns. Regions of strikingly high
and abnormally low seismic intensity may be found adjacent to one
another. Although local soil conditions cause variations in intensity
here as they do elsewhere, patterns of high and low intensity are often
observed to cross soil boundaries. Several theoretical studies have
been undertaken in an attempt to explain the spatial variability of

ground shaking in Puget Sound.
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Langston (1981) modeled the variations in ground motion which could be
expected from a flat-layered velocity structure. While his results gave
accelerograms qualitatively similar to those observed, it was necessary
to invoke large lateral variations in attenuation to explain the observed

amplitudes. Shakal and Toksoz (1979) examined the frequency content

of the Seattle and Olympia accelerograms from the '65 and '49 events
and concluded, as did Langston, that anelastic attenuation beneath

Seattle must be very large.

Langston and Lee (in press) attempted to model the observed variations
in intensity in the Duwamish River area using three-dimensional
raytracing on a 2-D model. They found that focusing effects at the
boundary between the unconsolidated glacial sediments and the recent
alluvial fill could generate large variations in intensity at the surface.
Their study was confined to a small portion of the Puget Sound area

and the effects of lateral velocity variations were not included.

In this study, three dimensional raytracing techniques and the best
available geological and geophysical information are used to predict the
nature of strong ground motion from deeper earthquakes over the entire
Puget Sound region. Unlike previous studies, the model used here
incorporates the full three-dimensional structure of the glacial sediment
layer. Anelastic attenuation effects and lateral variations in sediment

velocity associated with surface geology are also included.

The region chosen for this study is an area of 8,250 square kilometers
lying between 46 and 47 N latitude, 122 and 123 W longitude. It is
shown enclosed in the box in Figure 1. The study area includes the
cities of Everett, Seattle, Tacoma and Olympia as well as the major
portion of Puget Sound.
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Figure 1. Reference map of study area. Origin of coordinates at NW
corner is located at 48N latitude, 123W longitude. Epicenters of 1965
and 1949 earthquakes are shown by triangles.
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Il. MODEL DESCRIPTION

This section describes the digital wvelocity model created for the
ray-tracing study. The model was assembled using Sierra's MIMIC
program. The purpose of MIMIC is twofold: it is used to create digital
representations of geologic structures from input data and to assemble
these structures into a three-dimensional velocity model suitable for
ray-tracing. The model consists of a series of layers or horizons which
are digital descriptions of the topography of an interface. Associated
with each layer are interval velocities and material parameters. The

interval velocity may be uniform or it may contain lateral variations.

The model constructed for the crust and upper mantle structure
beneath Puget Sound contains seven such layers. They are, from the
surface downward: (1) a water layer for modeling ray interactions with
Puget Sound and related water bodies; (2) ‘a layer of var‘iat;le depth
and laterally varying velocities representing unconsolidated sediments
near the surface; (3,4) upper- and lower-crustal layers; (5,6) the top
and bottom of the subducted Juan de Fuca plate; and (7) the upper
mantle. Figure 2 illustrates a cross-section through the model and Table
1 lists the velocities and physical properties used along with the data

sources.

It is anticipated that the character of strong ground motion will be
strongly influenced by layer number two, the sediment layer.
Considerable care has been used to assure that this layer represents
the best available geological, geotechnical, and geophysical information.
Figure 3 is a contour map of this sediment layer. The figure shows
two large deep sedimentary basins flanking an east-west trending horst
structure. The northern edge of the horst, where the sediment layer
goes from zero thickness to a maximum 1.1 km depth, appears to be
associated with the Mt. Si fault (Gower and Yount, in press). Note
that the location map (Figure 1), this figure, and all subsequent maps
cover the same area at the same scale. A useful reference point can be
made by noting that the maximum depth of sediment lies directly

beneath downtown Seattle.
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VI. DISCUSSION OF RESULTS

Unfortunately, very little quantitative acceleration data is availabie for
the 1965 Seattle earthquake. In Figure 11, PGA values from the
raytrace model are compared with data from Japanese earthquakes, as a
function of epicentral distance. Japanese data are extracted from Mori
and Crouse (1981) and include all entries in that wvolume with
magnitudes between 6.0 and 6.8, depths between 40 and 80 km, and
epicentral distance less than 75 km. Apart from a slight tendency for
the predicted values to lie below the observed ones, there is good
agreement. The minor discrepancy in mean value is probably due to

the smaller average depth (47 km) of the Japanese events.

Prediction of PGA vs. distance is a difficult problem. This study
provides a simple PGA curve that is consistent with both the trend in
observed data and the scatter. Past attempts at simulating PGA vs.
distance have generally failed to reproduce the scatter in the real data,

which implies that those models were overly simplistic.

At the time of the '65 event, accelerographs were in operation at
Seattle, Tacoma, and Olympia, with Carder displacement meters at the
first two sites (Algermissen and Harding, 1965). When the raytrace
results are scaled to match the 6.7% g PGA at Tacoma, the predicted
value at Seattle is 10.6% g, in excellent agreement with the 11%
observed. Although Langston (1981) did not attempt to calculate
accelerations, his predicted peak velocity ratio at these two stations
differs from observations by a factor of 2-3. Note that the close match
of observed and theoretical PGAs was achieved without the kind of

large horizontal variation in Q proposed by Shakal and Toksoz (1979).

Recorded accelerations at Olympia exceed 16% of g, far larger than the
3.6% g predicted by the model. Olympia is located at the extreme
southern edge of the model in an area where the three-dimensional
subsurface geology is poorly known. This study strongly suggests that

the Olympia record is biased by unquantified subsurface structure.
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Some sense of the variation in ground acceleration over a larger area
can be gathered by careful examination of damage reports from this
event. Yount (1983) has summarized reports of damage in the Seattle

area:

"Building damage in 1965 was relatively heavy in the
lower Duwamish River area and the southern downtown
area of Seattle where unconsolidated Holocene alluvium
and artificial fill make up most of the substrate; but
damage was relatively light in the upper Duwamish River
valley just a few kilometers to the south, where similar
geologic materials make up the substrate . . . Similarly,
the most severe residential building damage, mostly
to brickwork and chimneys, appeared to be concentrated
in West Seattle, an area underlain by compact Pleist-
ocene sands and silts; in contrast, only light damage
was reported for nearby regions of Seattle such as
Beacon Hill and Magnolia . . . underlain by similar
. sediments."

The synthetic results are in excellent qualitative agreement with this
description. It is generally agreed that the area of greatest damage in
the '65 event was the Harbor Island region. This small island, which
consists mostly of artificial fill, sits at the mouth of the Duwamish River
where the river empties into Puget Sound. The model results predict
this point as the location of largest peak horizontal ground acceleration,
with values approaching 0.6 g. Previous investigators (e.g.,
Steinbrugge and Cloud, 1965) have suggested that all of the
amplification at the Harbor Island site is attributable to poor quality
soil. The results presented here indicate that a large part of this
anomaly is due to focusing by sub-surface structure, which is then
nearly doubled by the presence of low velocity sediments. The West
Seattle area mentioned in the quotation from Yount suffers from the
same focusing effects. However, at that site the sediments provide
only 50% amplification relative to bedrock, resulting in a somewhat lower
peak acceleration. Portions of the upper Duwamish River valley,
described by Yount as having diminished ground response compared to
areas of similar surface geology, are located near shallow bedrock, and

the model predicts smaller peak accelerations there.
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Langston (1981) pointed out a large discrepancy between the observed
and predicted S-wave polarization angles at Seattle in the 1965 event.
The Carder displacement records clearly indicate a polarization angle of
approximately 40-50 degrees (clockwise from north) whereas both
Langston (1981) and this study predict values near -80 degrees.
Langston points out that the velocities integrated from the
accelerograms and those differentiated from the displacement records
appear to agree. Hence, if an instrument reversal is to blame, the
reversal must have occurred on the same component on both the
acceleration and displacement instruments. Langston rejects this
possibility and proposes that "extreme lateral heterogeneity'" may be the

cause.

At first glance, this possibility seems attractive, since the raytrace
results show that rays arriving at the Seattle station may pass through
the face of the Mt. Si fault. Near the presumed ray intersection point
there is bedrock on one side of the fault and low-velocity sediments on
the other. A large number of tests were conducted using detailed
velocity models of this area and a variety of fault strikes and dips to
see if the polarization angle anomaly could be reproduced. Although
many geometries were considered, along with exotic phase conversion
schemes, no satisfactory results could be obtained. Careful
consideration of the geometry suggests that even under the most
extreme circumstances, polarization of rays transmitted through steeply
dipping interfaces cannot be rotated through an angle greater than 90

degrees.

Langston (1981) states that his acceleration data from Seattle were
digitized and corrected from the records reproduced in Algermissen and
Harding (1965). Although it is difficult to compare the corrected and
uncorrected data, it appears that the S58W component displayed in
Langston's paper and the same component printed in the earlier work
are reversed. Further, it is not apparent from the Algermissen and
Harding figure whether the direction given is for pendulum motion or
for ground motion. In order to avoid these difficulties we will ignore

the Carder records and instead use the doubly integrated accelerograms
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shown in Shannon and Wilson, et al. (1980). The direction of motion
and sign conventions used are clearly stated and doubly integrated
records can provide excellent estimates of ground displacement
(Trifunac and Lee, 1974).

It is apparent from the integrated records that both horizontal
components are reversed relative to the way they appear in Langston.
This means that the actual observed polarization angle is approximately
-125 degrees, that is about 30-40 degrees clockwise from our
prediction. Inspection of the focal mechanism indicates that only
extreme variations in the fault planes could cause this discrepancy.
Hence the 30-40 degree difference is probably caused by propagation

through locally complex velocity structures.

As mentioned earlier in this report, the detailed topography of the
sediment layer was digitized from available maps. These maps are in
turn, heavily interpreted from limited data, and some discussion of
incorrect layer geometry is in order. It is apparent that detailed
structure of the sediment layer significantly affects the results in two
places. These are the region of high accelerations beneath downtown
Seattle, and the areas of diminished ground motion to the east and
south of the maximum. By fortunate coincidence, it is precisely these
areas which have best control of sediment depth, judging by the .
density of data points in the map by Yount et al. (1983). Downtown
Seattle shows numerous geotechnical boreholes, and data from shipboard
echo sounders extends into the harbor from Puget Sound. Hence, the
digitized basement horizon is probably a good representation of the real
interface and is not likely to be a large source of error. The reader is
reminded that detailed geologic information is used only within King
County. The rest of the model is assigned a horizontally uniform

velocity for the sediments.

A pdtentially more serious source of error arises from limitations in the
raytrace method. This method is strictly correct only in the limit of
infinite frequency. This means that raytracing produces accurate

results only when the size of geologic structures being considered is
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comparable to or longer than a wavelength. Given an "average" S-wave
speed of 720 m/s in the sediments, and the dominant frequency of about
5 Hz in the source wavelet, the characteristic wavelength appears to be
about 150 meters. Since the important focusing effect arise from a lens
with sediments more than a kilometer thick, these results appear to be

well within the range where raytracing is valid.
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Vil. SUMMARY

We conclude that three-dimensional raytracing provides an accurate and
relatively easy way to estimate wvariations in strong ground motion
arising from sediment and structural amplification. Our simulation of
the 1965 Seattle earthquake correctly predicts the ratio of peak ground
accelerations at Seattle and Tacoma as well as accurately modeling the
observed variations in seismic intensity. The predicted variation in
peak ground acceleration with distance reproduces both the trend and

scatter seen in observations of similar Japanese earthquakes.

For deeper earthquakes in the Puget 3ound region, sediment effects
may be found wherever soft soils occur at the surface and can yield
local amplifications of up to a factor of two compared to bedrock.
Amplification by subsurface structures may generate local increases of
up to a factor of five, although only in very confined areas. The
inopportune combination of focusing and low velocity sediments at the
same site could conceivably produce a factor of ten magnification in

accelerations compared to bedrock.

Amplification of acceleration relative to bedrock may be expressed as
the product of a sediment amplification factor and a structure
amplification factor. The former is dependent upon the local sediment
velocity but is largely independent of source locations, provided that
the source is deep. The latter is probably somewhat hypocenter

dependent, but is important only in a few isolated areas.
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SCIENTIFIC AND ENGINEERING LESSONS
LEARNED FROM DAMAGING HISTORIC EARTHQUAKES

by
Walter W. Hays
U.S. Geological Survey
Reston, Virginia 22092

INTRODUCTION

A damaging earthquake provides an opportunity to acquire unique technical
information about the physical effects of ground shaking, surface fault
rupture, earthquake-induced ground failure, regional tectonic deformation, and
inundation from seiches and tsunamis (Figure 1). This information and the
facts and lessons derived from it can be utilized in research studies, in the
assessment of earthquake hazards and risk for specific urban areas, in
mitigation and preparedness actions, and in the implementation of loss=
reduction measures (Hays, 198l). The following types of technical
investigations are typically conducted following an earthquake (Algermissen,

1978; Marshall, 1985):

1. Geologic Studies = Conduct field work to determine the nature, degree,

and spatial distribution of surface faulting, regional tectonic
deformation, landslides, liquefaction, and inundation from tsunamis

and seiches.

2. Seismological Studies =~ Deploy arrays of portable seismicity

instruments to improve the locations of earthquakes in the aftershock
sequence, to define the spatial extent of the fault rupture zone, and

to determine the focal mechanism(s).

3. Engineering Seismology Studies - Deploy arrays of portable strong

motion accelerographs to measure the characteristics of strong ground
motion at various locations. When used in conjuction with
accelerograms of the main shock, these records can be used to derive
soil amplification factors, to measure duration of shaking, and to
estimate the amplitude and frequency characteristics of the ground
acceleration, velocity, and displacement at locations that sustained

damage, but that did not record the main shock.
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Figure 1.--Schematic illustration of the types of physical effects that can
occur in an earthquake
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4. Engineering Studies - Conduct investigations on a building-~by-building

scale to determine the nature, degree, and spatial distribution of
damage to low- and high-rise buildings, lifelines, single family
dwellings, and critical facilities. The quantification of damage is
given in terms of Modified Mercalli intensity and/or ground motion
parameters and provides information needed to set design criteria and

construction practices (Hays, 1985).
Collectively, these studies provide a basis for:

- improving the understanding of the causative physical mechanism of
surface faulting, regional tectonic deformation, landslides,
liquefaction, seiches, and tsunamis.

- correlating the occurrence of earthquakes with regional tectonic
elements to define seismogenic sources (and in coastal areas

tsunamigenic sources).

- identifying regional tectonic elements that are active as well as

inactive.

- improving the knowledge of the amplitude, spectral composition,
temporal, and spatial distribution of ground shaking and its
correlation with damage.

- improving the state-of-knowledge on seismic zoning.

~ improving the state-of-practice on land use and engineering design and

construction.
~ improving the seismic design provisions of building codes.
- improving the state-of-practice in lifeline engineering

-~ legislation to implement new knowledge.
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RESULTS OBTAINED FROM PAST EARTHQUAKES

In the past two decades, a major effort has been made by the Federal

Government, the U.S. Geological Survey, the National Science Foundation, the

Federal Emergency Management Agency, the Earthquake Engineering Research

Institute, and other institutions to learn as much as possible from damaging

earthquakes. Because major damaging earthquakes have occurred relatively

infrequently in the United States, damaging earthquakes in foreign countries

have also been studied, particularly in those cases when either their tectonic

setting was similar to that of a part of the United States or when the design

and construction practices in the country were similar to those used in the

United States. Some of the most important historic earthquakes of the past

two decades that have contributed important knowledge toward the goal of

earthquake hazards reduction include:

1.

1964 Prince William Sound, Alaska, earthquake--This great (Mw= 9.2)

earthquake occurred in one of the most active tectonic areas of the
world where the Pacifie tectonic plate is being subducted under the
North American tectonic plate at a rate of about 6 cm/year. It caused
widespread regional tectonic deformation over an area of at least
77,000 square miles--a characteristic feature of great earthquakes
(Hansen and others, 1966). Structural damage and collapse occurred in
buildings located at distances of more than 60 miles from the
epicenter. Damaging tsunami waves were generated by the earthquake
and affected both local and very distant locations. Sensitive clay
formations failed and caused extensive ground failures in 30 blocks of
downtown Anchorage. No strong motion accelerograms were recorded in
the earthquake. The science of earthquake prediction was initiated

after the great Prince William Sound earthquake.

1971 San Fernando, California, earthquake--The moderate (MS = 6.4) San
Fernando earthquake occurred on a thrust fault in the Transverse
Ranges structural providence, not previously recognized as active., It
produced the largest horizontal ground shaking ever recorded (at that

time) at a site underlain by rock near the epicenter--1.24g at Pacoima
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3.

dam (Department of the Interior and Department of Commerce, 1971).
Severe damage was experienced in buildings designed according to the
seismic design provisions of a modern building code. More then 200
accelerograms were added to the existing strong ground motion data
sample. These records provided a basis for comprehensive damage
studies and the reevaluation of seismic design criteria for critical
facilities (hospitals, dams, nuclear power plants) and lifelines
(highways, bridges, gas, water, electric, sewers, airports,
harbors). Lifeline engineering began as a result of the extent of
damage sustained by lifelines in the earthquake. The Pacoima dam
accelerogram stimulated debate over the effects of soil and rock and
the local topography on ground shaking. An extensive array of
portable strong motion instruments were deployed to record the
aftershock sequence. These data provided information on site
amplification, the effects of topography on ground motion, and the
estimated spectral composition of the main shock ground motion at
sites which sustained damage, but did not record it. The concept of a
sesimic safety element as a part of the community's general plan was

introduced after the San Fernando earthquake.

The 1972 Managua, Nicaragua, earthquake=-This moderate (MS = 6.2)

earthquake occurred on a shallow well known strike-slip fault system
beneath the city as in 1931 (Earthquake Engineering Research
Institute, 1973). It caused severe damage to buildings that were
designed according to the earthquake-resistant design provisions of a
modern building code. A network of portable strong motion instruments
were deployed to augment the single strong motion record of the main
shock obtained at Esso Refinery (peak horizontal acceleration of 0.39g
and peak vertical acceleration of 0.33g). They provided insight into
the characteristics of ground shaking at sites that did not record the
main shock and site effects. The city was relocated in the 1970's to
avoid the system of active faults identified in the postearthquake

investigations.

The 1976 Guatamala earthquake-=This large (MS = 7.5) earthquake was

generated by left-lateral slip on the Motagua fault, a well known
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6.

strike-slip fault zone marking the active boundary between the North
American and Caribbean plates (Espinosa, 1976). The fault ruptured
over a distance of about 180 miles, the most extensive surface rupture
in the Northern Hemisphere since the 1906 San Francisco, California,
earthquake which was generated by right-lateral slip on the San
Andreas fault. The westward propagating fault rupture caused
extensive damage to buildings, roads, and the railroad system.
Structural damage from the ground shaking was extensive, ranging from
hospitals and buildings in Guatemala City designed in accordance with
the seismic provision of a modern building code to the collapse of
nonengineered adobe structures in a number of communities located 10
to 60 miles from the epicenter. Hundreds of landslides were triggered
by the ground shaking generated by the main shock and the thousands of
aftershocks that followed during the next several months. Although no
accelerograms of the main shock were recorded, the Modified Mercalli
intensity data obtained from detailed surveys of the damage
distribution provided a basis for constructing a preliminary seismic
zoning map of Guatemala for use in redevelopment of the city.
Earthquake prediction was stimulated by this earthquake. The National
Earthquake Hazards Reduction Program of the United States was
initiated in 1977, partly as a result of the magnitude of this

disaster,

The 1976 Tangshan, China, earthquake-~This large (Ms = 7.8) earthquake
that occurred under Tangshan was a surprise. Tangshan was located in
a seismic zone of the Chinese building code that did not call for
earthquake-resistant design. The buildings of the city, consisting
mainly of unreinforced brick, were unable to resist the strong ground
shaking and the forces of the dynamic fault rupture. Eighty-five
percent of the city's buildings collapsed or were severely damaged and
several hundred thousand people were killed. More than 6 years were

required to rebuild one-half of the city.

The 1978 Argentina earthquake--This large (M, = 7.4) earthquake

produced a very important new result--that significant liquefaction

can occur at distances of more than 120 miles from the eipcenter of an
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earthquake. This result means that the potential for 11quefactnoﬁ at

a site must be considered for levels of ground shaking as low g
Modified Mercalli intensity VI when saturated, young, fire graiﬁéd

sand deposits exist at the site.

The 1979 Imperial Valley, California, earthquake-=~This moderatéi“

(M = 7.5) earthquake which had its epicenter in Mexico on the, wal

known Imperial fault occurred in the m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>