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PREFACE

COOPERATIVE EFFORT TO ASSESS EARTHQUAKE HAZARD AND TO FOSTER THE
IMPLEMENTATION OF LOSS-REDUCTION MEASURES IN THE PUGET SOUND-PORTLAND
AREA

Since 1985, the Federal Emergency Management Agency (FEMA) and the
United States Geological Survey (USGS) have cooperated in fostering a
partnership with State and local government, academia, the private
sector, and other Federal Agencies to develop a long-term program to
mitigate the earthquake hazard in the Puget Sound-Portland area. To
date, the program has emphasized building a comprehensive knowledge
base and developing an infrastructure of practitioners and
professionals who can use it to meet their needs and to foster the
implementation of loss-reduction measures.

Annual workshops, like the one held in Portland on March 28-30,
1989, are an important strategy of the National Earthquake Hazards
Reduction Program. This workshop, the subject of this report, brought
together more than 200 researchers, practitioners, and participants
interested in earthquake hazards reduction. They shared in the
workshop:

o Scientific and technical information produced by geologists,
geophysicists, seismologists, and engineers in ongoing research
programs (see Section II of the proceedings).

o Fundamental information that professionals having limited
technical backgrounds in earth science or engineering, lay
persons, and other professionals can use in various
applications to reduce potential losses from earthquakes (see
Section II of the proceedings).

o Practical information forming the basis for loss-reduction
measures (see Section III of the proceedings).

The workshop was successful and the goals envisioned for it by the
steering committee were achieved. The steering committee consisted of
the following people who worked together to forge a cooperative
partnership between State and local government, academia, the private
sector, and the Federal Government:

o Oregon

George Priest, Department of Geology and Mineral Industries
Myra Lee, Emergency Management Division
Ian Madin, Department of Geology and Mineral Industries



o) Washington

Ray Lasmanis, Department of Natural Resources

Kate Heinback, Department af Community Development

Chuck Steele, Federal Emergency Management Agency, Region X
Linda Nosen, Federal Emergency Management Agency, Region X

o Federal Government

Brian Cowan, Federal Emerg
Albert Roger, U.S. Geologi

ncy Management Agency
al Survey

Many individuals contributed su
workshop and their efforts are ack
Kitzmiller, Linda Huey, and Peggy
deserve a special note of apprecia
performed important staff and admi
beginning of the workshop process
this document.

wledged with appreciation. Carla
ndalow, U.S. Geological Survey,
ion for the efficient way they
istrative functions from the

o the end product represented by

I
The accomplishments being made in the Ppget Sound-Portland area are
an example of what can be done in al cooperative partnership.

Walter |W. Hays
U.S. Geological Suvey



1989 Earthquake Workshop

By Josh Logan and Steve Palmer

The third annual "Puget Sound/Portland Area
Workshop on Earthquake Hazards and Risks" was
presented March 28-30 in Portland, OR. The pur-
pose of the meeting, which was funded by the Na-
tional Earthquake Hazards Reduction Program
(NEHRP), was to increase public awareness of
earthquake hazards in the Pacific Northwest and to
provide a forum for earthquake research and mitiga-
tion activities, giving technical and non-technical
professionals an opportunity to interact. Repre-
sentatives from such diverse fields as geology, seis-
mology, engineering, planning, emergency
management, politics, insurance, and fire and police
protection participated. The Washington Depart-
ment of Natural Resources’ Division of Geology and
Earth Resources (DGER) co-sponsored the event with
the Washington Department of Community Develop-
ment, the Oregon Department of Geology and
Mineral Industries (DOGAMI), the Oregon Depart-
ment of Emergency Management, the Federal Emer-
gency Management Agency (FEMA), and the U.S.
Geological Survey (USGS). lan Madin from DOGAMI
chaired the workshop planning committee.

This year’s workshop consisted of two days of
meetings followed by a day-long field trip to Netarts
Bay. In one of the welcoming talks, Walt Hays,
deputy for research applications in the Office of
Earthquakes, Volcanoes, and Engineering of the
USGS, summarized the progress of the NEHRP
since its inception and outlined future directions for
the program. He stressed the need to accelerate
progress in research, development of professional
practices, and implementation of mitigation
measures. He described the enormity of tasks, such
as gaining better knowledge of seismogenic zones;
retrofitting existing buildings; eliminating unsafe
school buildings; improving siting, design, and con-
struction techniques; improving professional skills; in-
creasing the state of earthquake preparedness; and
producing more “champions” of earthquake hazard
mitigation.

Two concurrent sessions were held on the
workshop’s first day, a geosciences session and a
professional skill enhancement session. The pur-
poses of the professional skill enhancement session
were to explain the basic technical issues regarding
earthquakes in the Pacific Northwest and to present
methods of using technical information to reduce or
respond to earthquake hazards. Talks presented
during the moming part of this session reviewed the
causes and effects of earthquakes. Tony Qamar and
Ruth Ludwin of the University of Washington, and
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Linda Noson, FEMA, discussed the fundamentals of
earthquakes, and answered such questions as "What
is an earthquake, and how are they measured?" and
"Where will earthquakes occur in the Pacific
Northwest?". Steve Palmer, DGER, reviewed the im-
pacts of earthquakes on the land and water, includ-
ing liquefaction and ground settlement, seismically
induced landslides, tsunamis, and seiches. Numerous
examples from major earthquakes in Alaska, Japan,
Los Angeles, Chile, and the Puget Sound area docu-
mented the results of these seismically induced
processes. Roger McGarrigle, president of the Struc-
tural Engineers Association of Oregon, discussed the
effects of earthquakes on buildings, and he graphi-
cally demonstrated both poor and good earthquake
design using Portland-area buildings as examples.
Karl V. Steinbrugge, a consulting engineer from
Califonia, discussed the difficulty of assessing the
monetary impact of future earthquakes and how this
uncertainty influences earthquake insurance under-
writers.

The aftemoon portion of the professional enhan-
cement session discussed earthquake preparedness
and response and the applicatior: of earth science in-
formation to city and regional planning. Martha
Blair-Tyler of William Spangle and Associates sum-
marized earthquake hazard mitigation measures with
regard to regional and urban planning. William J.
Kockelman, USGS, discussed translating earthquake
hazard information for non-technical users who may
then influence their peers, supervisors, clients, or
constituents. Myra Lee of the Oregon Emergency
Management Division and Kate Heimbach of the
Washington Department of Community Develop-
ment moderated a panel discussion concerned with
the reaction to earthquake hazards at the state level.
Panel members included Walt Friday, Oregon Build-
ing Codes Agency; Judy Burton, Washington Depart-
ment of Labor and Industries; Scott Boettcher, Intern
for Washington Representative Dick Nelson; and
Carol Martens, Washington Division of Emergency
Management. Martha Blair-Tyler and Paula Gori,
USGS, moderated a later panel discussion on the use
of earthquake hazard information at the local level.
Panel members included Paul Kostenaik, Boeing
Company Puget Sound Seismic Review Group; Bill
Elliot, Portland Water Department; and Bev Carter,
Mothers for HELP (Help Everyone Leam Prepared-
ness). Mothers for HELP is a non-profit organization
established to educate and organize communities to
be self-reliant for the period following a major dis-
aster but before normal services are re-established.



The professional enhancement session concluded}r
with a talk by Jim Tingey of the Utah Division of|
Comprehensive Emergency Management on the les-
sons learned in the implementation component of
the Utah Regional Earthquake Hazards Assessment

Program.

The geosciences session featured technical
reviews of earthquake sources and site effects in the
Pacific Northwest. Kaye Shedlock, chief of the
Branch of Geologic Risk Assessment, USGS, out-
lined some of the more prominent earthquake-re-
lated issues in the Pacific Northwest, including
seismological evidence of crustal, interplate, and in-
traplate earthquakes. She noted that a lack of seis-
micity along the boundary between the Juan de Fuca
and North American plates is particularly disturbing
to scientists in light of the geological evidence for
“jerky" subsidence that is found in coastal marshes of
Oregon and Washington. The evidence leads many
scientists to conclude that there is a strong possibility
for great earthquakes to occur in western
Washington and Oregon.

Craig Weaver, USGS, described the seismicity of
western Oregon and Washington and suggested the
possibility that earthquakes similar to the 1949 and
1965 events could occur in Oregon.

Bob Crosson, University of Washington, dis-
cussed the seismicity of Puget Sound and southemn
British Columbia, showing through tomographic dis-
plays the inferred shape of the subducting Juan de
Fuca plate and depths of some of the larger
earthquakes identified in the region.

It was generally agreed that stress orientations
vary with depth and that the resulting earthquakes
have different causes. Major stress axes in the shal-
low crust are oriented north-south, whereas inter-
plate stresses are oriented northeast-southwest, and
intraplate stresses are tensional and down to the
east. A talk presented by Paul Vincent, University of
Oregon, provided geodetic evidence for north-south
oriented stresses in the shallow crust.

Late Cenozoic deformation in northwestern
Oregon was the topic of the talk by Bob Yeats,
Oregon State University. He described an unnamed
subsurface clay of probable Late Cenozoic age that
is exposed in the Willamette trough and that may be
offset by faulting. He concludes that further study
needs to be done in that area. Other geological
evidence for paleoseismicity was presented by Curt
Peterson and Vemn Kulm, Oregon State University,
and by Don West, Golder Associates. Peterson dis-
cussed the geologically young coastal stratigraphic
sequences of the Oregon coast, citing episodic, rapid
subsidence of marsh deposits as evidence for great
subduction zone earthquakes. Kulm compared
geologic features in the marine portion of the Cas-
cadia subduction zone with seismogenic subduction
zones in other parts of the world. Evidence of peri-
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odic, large-scaie deformation, massive sediment
slumping, and fluid venting that are typical of other
seismogenic subduction zones has also been found
off the Washington-Oregon coast, suggesting that
our currently aseismic subducticn zone may be
capable of generating great earthquakes. West com-
pared coastal terraces of Oregon and Washington to
those in other parts of the world. These comparisons
suggest either that repeated great magnitude
quakes have not occurred off the Oregon coast
during the late Holocene, that the recurrence inter-
vals for great events are longer than previously
thought, that smaller magnitude thrust events are
passible, or that the tectonic mechanism for our sub-
tion zone is unique.

" The geologic evidence presentations were fol-
lowed by discussions of strong ground motions that
could be expected from earthquakes in the Pacitic
Northwest. Emphasis was placed on megathrust
ground motions, and models were presented by the
speakers that predicted the strength and duration of
the shaking to be expected in the region from various
pastulated events. Speakers included Ivan Wong and
Paul Somerville, Woodward-Clyde Consultants; Bob
Youngs, Geomatrix Consultants; and C. B. Crouse,
Dames and Moore.

{Efforts to determine actual ground response

through field investigations and mapping were
described by Ken King and John Tinsley, USGS.
Tony Qamar, University of Washington, discussed
historical earthquake intensity mapping near Seattle.

Paul Grant, Shannon and Wilson, Inc., described
liquefaction associated with past Puget Sound events
and stressed that the longer duration of ground shak-
ing expected from a subduction zone earthquake
could result in considerably more damage than in-
flicted by historical earthquakes. Robert Schuster,
USGS, pointed out the existence of many large
landslides located in Washington and suggested that
some may have been seismically induced. Jane
Preuss, Urban Regional Research, discussed the
results of a tsunami case study done in Grays Har-
bor in which a methodology for defining characteris-
tics of coastal risks and determining the geographic
area of vulnerability was developed.

A poster session was held on the evening of
March 28 to dewvelop these topics more fully and
pravide the opportunity for discussion.

Future research, mitigation, and policy directions
and needs were addressed during the second day.
The need to hone and enhance our earthquake
hazard policies was profoundly emphasized by Walt
Hz%s:‘, USGS, in a presentation on the Armenian
earthquake. As tragic as the Armenian event was,



the impact of a great earthquake in a heavily popu-
lated area in the United States could be even more
devastating: not only would great loss of lives and
property occur, but extreme repercussions on the na-
tional and world economy might also result, accord-
ing to James Lett, Unigard Insurance. Hays, USGS,
went on to suggest that such impacts could be
reduced if mitigation and research efforts were en-
hanced. He further believes that an opportunity ex-
ists for such enhancement in the Intermnational
Decade for Natural Disaster Reduction, which will
begin next year, and he proposed that our efforts be
directed toward increasing the number of "cham-
pions” for the earthquake hazard reduction cause. By
doing so, we can make greater inroads into reduc-
tion of impacts from catastrophic events such as
great earthquakes.

Political science professor Peter May, University
of Washington, compared earthquake reduction
policies of Washington and Oregon, and he provided
useful insight into how these policies are perceived,
derived, and implemented. John Beaulieu, DOGAMI,
described his agency’s experiences in attempting to
secure funding and legislation for earthquake hazard
mitigation. Lessons learned in response to major
earthquakes in densely populated areas was the topic
of a talk by Patricia Bolton, Battelle Research In-
stitute.

John Nance, author of "On Shaky Ground",
spoke at the luncheon. He emphasized the impor-
tance of bringing earthquake information to a broad
audience and applauded the efforts represented by
this workshop in that regard.

The field trip, led by Mark Darienzo, allowed all
participants to observe first hand the field eviderze
interpreted to suggest past occurrences of great
earthquakes (magnitude 8 or greater) along the
Oregon coast. A guide for the field trip is available
in the September/October 1988 issue of Oregon
Geology, published by the Oregon Department of
Geology and Mineral Industries.

Robert L. Logan and Stephen P. Palmer, Geologists, Washington State Department of
Natural Resources, Olympia, Washington

v
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THIRD ANNUAL PUGET SOUND/PORTLAND AREA WORKSHOP ON EARTHQUAKE
HAZARDS AND RISK

March 28-30, 1989
Portland Marriott Inn, Portland, Oregon

SPONSORS: Oregon Department of Geology and Mineral Industries
Oregon Department of Emergency Management Division
Washington Department of Natural Resources
Washington Department of Community Development
Federal Emergency Management Agency
United States Geological Survey

PROGRAM

After introductory remarks, participants will be offered two parallel
sessions. The first will be a technical session for geoscientists to present
and discuss short papers. The second session will be a nontechnical tutorial
for participants with Tittle or no geoscience background.

OVERALL WORKSHOP FACILITATOR: Walter Hays, U.S. Geological Survey

PLENARY SESSION

8:00 a.m. Opening remarks by:
--Donald Hull, Oregon Department of Geology & Mineral Industries
--Myra Lee, Oregon Department of Emergency Management
--Kate Heinback, Washington Department of Community Development
--Ray Lasmanis, Washington Department of Natural Resources
--Chuck Steele, Federal Emergency Management Agency
--Rob Wesson, U.S. Geological Survey

Welcome:
--Dick Bogle, Portland City Commissioner

Vignette on knowledge utilization
--Walter Hays, U.S. Geological Survey

Goals of the workshop
--Ian Madin, Oregon Department of Geology and Mineral Industries

9:00 Participants will form into two groups: Group I - Geosciences
Session and Group II - Professional Skill Enhancement Session

AGENDA FOR GROUP I: GEOSCIENCES SESSION

Talks will be presented in 20-minute time slots; 10 minutes for the
presentation, 10 minutes for discussion.

Objective: A broad objective of this session is to gain additional
understanding of the statement contained in "Washington State Earthquake
Hazard," Information Circular 85 published by the Washington State Department
of Natural Resources.
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Cascadia megathrust ground motions III
--Paul Somerville, Woodward Clyde Consultants

2:35 Break
3:00 GEOSCIENCES SESSION (CONTINUED)
MODERATOR: Ray Lasmanis, Washington Department of Natural Resources

Field experiments to assess ground response
--K. W. King, U.S. Geological Survey

Deterministic ground response mapping
--J. C. Tinsley, U.S. Geological Survey

Historical response mapping
--Tony Qamar, University of Washington

Liquefaction hazards in the Pacific Northwest
--Paul Grant, Shannon and Wilson

Lands1lide hazards in the Pacific Northwest
--Robert L. Schuster, U.S. Geological Survey

The tsunami threat in the Pacific Northwest under today's land use
conditions
--Jane Preuss, Urban Regional Research

5:00 Closing discussion

NOTE: CASH BAR/HORS D'OEUVRES 5:00-7:00 P.M.

POSTER SESSION AT 7:00-9:00 P.M. (SEE PAGE 5)

Subjects of local interest or subjects with complex and detailed data
will be presented as poster displays to facilitate discussion.

AGENDA FOR GROUP IT: PROFESSIONAL SKILL ENHANCEMENT SESSION

Objective: A broad objective of this session is to gain understanding of the
statement contained in "Washington State Earthquake Hazards," Information
Circular 85 published by Washington State Department of Natural Resources:

"The maximum probable earthquake in Washington would be a
subduction earthquake having a magnitude exceeding 8 and an
epicenter near the coast. . . . Some scientists believe that such
earthquakes have occurred every 300 to 1000 years. Other large
earthquakes in the region can be expected to have magnitude of at
least 6.5 to 7.5 and depths greater than 40 km. Return times for
magnitude 6 earthquakes in the Puget Sound area are estimated at
10 years; magnitude 6.5 earthquakes at 35 years; and magnitude 7.0
earthquakes at 110 years."

ix
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--Walt Friday, Oregon Building Codes Agency

--Judy Burton, Washington Department of Labor and Industries

--John Boettcher, Intern for Washington Representative Dick Nelson,
"Legislative Response to State Earthquake Hazards"

--Carol Martens, Washington Division of Emergency Management, "State
Agency Earthquake Task Force"

Break
USING EARTHQUAKE HAZARD INFORMATION--LOCAL LEVEL

MODERATORS: Martha Blair-Tyler, William Spangle & Associates and
Paula Gori, U.S. Geological Survey

Panel discussion: Each panelist will briefly state earthquake hazard
mitigation/preparedness objective(s) of their group and provide a
handout 1isting proposed and completed activities. The moderator will
facilitate discussion of the status and future of local initiatives in
earthquake hazard mitigation and preparedness.

--Paul Kostenaik, Boeing Company Puget Seismic Review Group
--Bi11 E1liot, Portland Water Department
--Bev Carter, Mothers for H.E.L.P.

Lessons learned in the implementation component of the Utah Regional
Earthquake Hazards Assessment Program

--Jim Tingey, Utah Division of Comprehensive Emergency Management
Discussion

CASH BAR/HORS D'OEUVRES 5:00 - 7:00 P.M.

POSTER SESSION 7:00-9:00 P.M.

Subjects of local interest or subjects with complex and detailed data will be
presented as poster displays to facilitate discussion.

POSTER SESSION

Knowledge utilization and networking
--Paula Gori, Bill Kockelman, and Walter Hays, U.S. Geological Survey

Inventory and post-earthquake functionality of fire services in the Puget
Sound region
--Charles Scawthorn, EQE Inc.

Liquefaction analysis in the Seattle area
--Les Youd, Brigham Young University

Seattle water system loss modeling
--Don Ballantyne, Kennedy, Jenks, and Chiltco

Liquefaction potential in the Seattle area
--J. C. Yount, U.S. Geological Survey
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Clackamas river terrace deformation
--L. Palmer, Portland State University}

Distribution of Mazama ash in the Portland basin

--Ken Robbins

Distribution of Quaternary sediments in the Portland area

--Ian Madin, Oregon Department. of Geological and Mineral Industries
]

e in the Portland basin
ity

Gravity modeling of subsurface structu
--Ansel Johnson, Portland State Univer
Liquefaction analysis of the Mt. Tabor reservd1r
--Saleem Farouqui, Cornforth Consultants

Structural geology of the Portland basin
--M. Beeson, Portland State University

Orientation of stress in Northwestern
--Ken Werner, Eric Graven, Tom Berkman

regon
Mike Pucker, Oregon State University

Portland earthquake-response exercise
--Chief Dave Norris, Portland City Fir Burea
Structural geology of the Southeast Poritland asin
--Ken Lite, Oregon Water Resources Dep rtment\
Shallow seismic reflection in the Puget Sound
--Sam Harding, U.S. Geological Survey

GIS systems in earthquake hazard mitigation
--U.S. Geological Survey

High resolution seismic imaging in the Pacific Northwest
--Ken King, U.S. Geological Survey 1

|

Hydrogeology of the Troutdale formation in theLPortland basin
--Rod Swanson, U.S. Geological Survey, Water Resources Division, Portland

Seismic upgrading, the Portland Structural Advﬁsory Council
--Mike Haggerty, Portland City Bureau of Buildfings

Changes in the 1988 UBC seismic requirements fbr Oregon
--Walt Friday, Oregon Building Codes Division |
|
Portland water system seismic evaluatio
--Bi11 E1liot, Portland Water Bureau

Earthquake insurance in Oregon and Washington
--Maryann Macina and Lisa Hargis, Western Insurance Information Service

Rehabilitation of the Salt Lake City/County buildings
--Steve Weissberg



WEDNESDAY, MARCH 29

The morning session will provide brief summaries of the state-of-knowledge
about earthquake hazards in the Portland and Puget Sound regions.

PLENARY SESSION

THE NEXT STEPS IN THE PACIFIC NORTHWEST REGIONAL EARTHQUAKE HAZARDS ASSESSMENT
PROGRAM

MODERATOR: Chuck Steele, Federal Emergency Management Agency
8:00 Scientific studies to define the potential earthquakes threat in the

Puget Sound-Portland area
--R. Lc wesson

International Decade for Natural Disaster Reduction--an opportunity
for the Pacific Northwest

--Walter W. Hays, U.S. Geological Survey

Intraplate and crustal earthquakes in the Puget Sound and

Southern British Columbia

--R. S. Crosson

Intraplate and crustal earthquakes in the Willamette Lowland
--R. S. Yeats

10:00 Break
MODERATOR: Linda Noson, Federal Emergency Management Agency

10:30 Ground motion and attenuation in the Portland/Puget Sound region
--P. Somerville, Woodward Clyde Consultants

10:50 Ground response and ground failure Port]and/Puget’Sound area
--J. C. Tinsley, U.S. Geological Survey
--Robert L. Schuster, U.S. Geological Survey

11:10 Tsunami hazards in the Pacific Northwest
--J. Preuss, Urban Regional Research

11:30 Discussion

12:00 Luncheon Speaker
--John Nance, Author of "On Shaky Ground"

MITIGATION/POLICY

FACILITATOR: Kate Heinback, Washington Department of Community Development

1:45 Identification of existing earthquake hazard policies
--Peter May, University of Washington
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--Patricia Bolton, Batelle Research Institute

The Armenia earthquake of December 7, 1988
--Walter Hays, U.S. Geological Survey
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Ray Lasmanis, washin%ton Department of Natural Resources

We have asked him to discuss what he has

learned since writing "On Shaky Ground" and heard at this meeting.)

--John Nance, Author of "On Shaky

Closing remarks

--Ian Madin, Oregon Department of
--Linda Noson, Federal Emergency
--Chuck Steele, Federal Emergency
--Walter Hays, U.S. Geological Sur

LEADER:

Mark Darienzo

Ground"

Mineral and Geological Industries
anagement Agency

Managewent Agency

'vey ‘

Field trip to Netarts Bay, Oregon, to view evidence for Holocene and

Pleistocene subsidence events.
returns at 5:00 p.m.

xXi

Departs Po

rtland Marriott at 8:00 a.m. and




SECTION I: GEOSCIENCES INFORMATION

This section of the report contains 21 contributions that provide
the latest scientific information on various aspects of the earthquake
hazards in the Puget Sound-Portland area. This state-of-the-art
information supplements and extends two documents:

1) U.S. Geological Survey Open-File Report 88-541, Proceedings of
the 2nd Annual Workshop on "Evaluation of Earthquake Hazards
and Risk in the Puget Sound and Portland Areas."

2) Washington State Department of Natural Resources Information
Circular B5, "Washington State Earthquake Hazard."



RATIONALE AND OUTLINE OF A PROGRAM FOR EARTHQUAKE HAZARDS ASSESSMENT
IN THE PACIFIC NQRTHWEST

Kaye M. Shedlock!
US Geolpgical Survey
MS 966 Box 25046
Denver Federal Center
Denver, C!olorad;T 80225

and

Craig|S. Weaver
US Geolpgical Survey
at Geophysics Program AK-50
University| of Washington
Seattle, Washington

OVERVIEW

Geologic hazards often occur as multiple processes: an initial hazard (for example,
an earthquake) may trigger secondary hazards (landslides and/or tsunamis). Common
sources may also trigger multiple hazards: heavy precipitation may cause flooding in lower
elevations and debris or mud flows in higher elevations. Yet geologic hazard studies and
mitigation programs are commonly divided into studies of individual hazards. The need
for a more coordinated approach to hazards study and mitigation in the Pacific Northwest
has become increasingly clear to scientists working on various aspects of earthquake related
problems.

Generally the area of interest in this NEHRP program relates directly to the subduc-
tion zone system and geological provinces adjacent to the Cascade Range, including all of
California north of Cape Mendocino, Oregon from the Cascade Range west to the coast,
Washington from the Pasco basin and adjacent parts of the Columbia Plateau west to the
coast, and southwestern British Columbia, (Figure 1). The Pacific Northwest is the only
location in the United States where crustal and lithospheric evolution can be traced from
an active mid-ocean ridge to a stable continental platform in a distance of only 1200 km
(Figure 1). Some investigators, (e.g., Heaton and Hartzell, 1986) have suggested that an
earthquake as large as magnitude 9 (similar to the 1960 Chilean or 1964 Alaskan events)
could occur along the coasts of northern California, Oregon, Washington, and southern
British Columbia. ‘

Within this large geographic area, most regional-scale NEHRP studies will relate
primarily to sources and potential for earthquakes, whereas detailed studies of hazards,

1 This chapter represents a distillation|of ideas and suggestions put forth in a series
of meetings attended by the authors and|T. Algermissen, R. Bucknam, T. Heaton, M.
Lisowski, R. Madole, P. Muffler, G. Priest, G. Rogers, R. Schuster, D. Stanley, R. Tabor,
R. Updike, and T. Walsh.
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shaking effects, and the like will be confined largely to the urban areas of Puget Sound, the
Pasco basin, the Willamette Lowland, and immediate coastal areas. We need to include
British Columbia in the study area because the subduction zone continues northward to
about central Vancouver Island. In addition, we believe that stronger interactions need to
occur between the USGS and the Geological Survey of Canada (GSC).

Recognizing the societal implications if the Pacific Northwest is proven to be subject
to great earthquakes, we have attempted to outline a broad-scale earthquake hazards
program that will encourage major advances in our understanding of the entire subduction
margin and forearc region, and will coordinate hazards studies within the active volcanic
arc and the adjacent portions of the Columbia Plateau. By the end of the program cycle
envisioned here, we anticipate that scientists from the USGS, other government agencies,
and universities will have collected and analyzed the key data that are currently missing
in our effort to assess the potential hazards associated with the subduction interface.

Because of the complex geologic setting of the Pacific Northwest (see Weaver and
Shedlock, this volume), scientific objectives central to providing the tectonic framework
necessary for a rational assessment of earthquake hazards must be broadly stated. The
central objective of the proposed program is to attempt to answer these questions:

e Can the Cascadia subduction zone produce great thrust-zone earthquakes?

¢ What are the expected distribution, source characteristics, and effects of
shallow, crustal earthquakes in the Pacific Northwest?

e What is (are?) the principal seismic hazard(s) in the Pacific Northwest?

EARTHQUAKE RELATED HAZARDS IN THE PACIFIC NORTHWEST
Earthquakes

There are three distinct sources of earthquakes associated with the subduction zone
in the Pacific Northwest: 1) crustal earthquakes that occur within the overriding North
American plate, 2) intraplate earthquakes that occur within the subducting Juan de Fuca
and Gorda plates, and 3) interplate earthquakes that occur at the interface between the
Juan de Fuca (and Gorda) plate and the North American plate (subduction or thrust
events). There are common questions for each particular source region. How large might
such earthquakes be, where might they occur, how often do they occur, and what are the
expected ground responses from each source type? Beyond these common questions, there
is a wide range of questions appropriate for each source type. Most of these questions have
yet to be addressed in any systematic way by the USGS.

Crustal Earthquakes

The outstanding questions regarding crustal events center on the 2 types of crustal
events: shallow (< 20 km deep) and deep (> 20 km deep). The largest historic earthquake
in the Pacific Northwest is the 1872 North Cascades event of estimated magnitude 7.4
(Malone and Bor, 1979). The existence of this event, which was most likely crustal, raises
the issue of the extent of Oregon and Washington over which such large crustal events may
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occur. What is the largest size and type of crustal event possible in the urban centers of
Puget Sound and the Willamette Valley, and in the Pasco basin of eastern Washington?
The data available to date suggest that in the Puget Sound basin crustal earthquakes are
of smaller magnitude than in either southwestern Washington or southeastern Washing-
ton (Ludwin, et al., 1989). Hazards assessments in southwestern Washington have now
incorporated the St. Helens zone (SHZ), a 100+ km long zone of moderate magnitude
earthquakes that strikes north-northwest through Mount St. Helens. Work by the USGS,
the Army Corps of Engineers, and the State of Oregon Department of Geology and Min-
eral Industries has concluded that an earthquake of magnitude 6.2-6.8 could occur along
the SHZ. Should these estimates be adopted elsewhere, particularly in Portland which has
a history of magnitude 5+ events and at the edge of the Pasco basin where an event of
magnitude 6.25 occurred in 19377

The 1872 earthquake is the largest known event in Oregon or Washington, and has a
magnitude estimated from the felt area of 7.4 (Malone and Bor, 1979). A study by Kienle
and others (1978) suggested that the Ribbon Cliffs 'rockslide, a prominent feature along
the Columbia River north of Wenatchee that has been thought to have been activated
by the 1872 earthquake, may have a longer| history of activity. Given the nature of the
morphology and the materials involved, the slide is most likely earthquake induced (R.L.
Schuster, personal communication, 1989). If multiple earthquakes have occurred over the
past 1000 or so years, then the effects of a recurrence of an 1872 event on critical facilities
in eastern Washington needs careful scrutiny.

Intraplate Earthquakes

The source characteristics of intraplate earthquakes in the Pacific Northwest are fairly
well known, but the spatial distribution of these events is uncertain. Most of the large
intraplate earthquakes (M > 6) have been located in the southern Puget Sound basin,
leading to hypotheses that these events may not occur elsewhere. However, these events
are generally believed to be caused by gravitational forces within the subducting plates.
Because the plate is thought to be continuous everywhere between the trench and the
volcanic arc, these events could occur anywhere that the intraplate stresses reach some
critical level. The major unresolved issue with intraplate earthquakes is whether they can
occur beneath the southern and central Oregon Coast Range.

Interplate earthquakes

In contrast to the crustal and intraplate/earthquakes, which have been instrumentally
or historically recorded, the occurrence of interplate events must be inferred from the
geologic record. Ongoing work in marshes along the Oregon and Washington coasts has
shown that the marsh stratigraphy includes alternating layers of buried peat and intertidal
mud (Atwater, 1987). The sharp contacts between peat and overlying intertidal muds have
been interpreted as evidence for rapid subsidence of the tidal marshes in response to a large
subduction earthquake. The marsh stratigraphy thus offers field evidence of episodes of
subsidence, supporting comparative studies that have noted that the Cascadia subduction
zone has a number of similarities with other subduction zones around the world that have



experienced frequent thrust zone activity. In addition, the marsh studies may supply
evidence of a locally generated tsunami coincident with a large earthquake.

The dichotomy in the Oregon and Washington is that, despite the existence of a
subduction zone, there are no contemporary thrust earthquakes on the shallow dipping
interface. This observation sparks debate about whether the thrust interface can be abso-
lutely quiet at some point in the subduction earthquake cycle. Related to this question are
questions concerning the length of the potentially locked zone and the width of the zone.

Ground Fatlure

An important element in the evaluation of the seismic hazard in the Pacific Northwest
is an understanding of earthquake-induced landslide and liquefaction activity for 3 periods:
1) prehistoric time, 2) historic time, and 3) the future.

Study of historic (1872 and later) earthquake-induced landslide and liquefaction activ-
ity will enable us to better understand the characteristics of these processes in the Pacific
Northwest. Data obtained in this part of the study will be useful in field identification of
prehistoric earthquake-induced landslides and liquefaction and in predicting the hazards
from these processes in future earthquakes. The identification of historic liquefaction is
not easy, however, since, unlike the Mississippi embayment, sand boils and fissures caused
by historic earthquakes are not evident on aerial photography.

Identification of areas susceptible to future earthquake-induced landsliding and lig-
uefaction will be based on the above prehistoric and historic studies as well as on the
determination of the importance of related parameters, such as geology, hydrology, and
topography. An understanding of the stratigraphic controls on liquefaction in one area can
be applied to evaluating the potential for seismically induced liquefaction in other areas.

Volcanoes

One of our fundamental concerns is that because of the current segregation of volcano
hazard studies from those of earthquakes or ground failures, as an agency we are not asking
enough of the right questions with regard to the relation between processes typically studied
by the Volcano Program and processes studied in other programs. As an example, one
of the most disastrous natural hazards scenarios that one might imagine in Washington
involves the repeat of the Osceola debris flow of about 5700 years ago. Originating high
on the slopes of Mount Rainier, this debris flow covered a~ 27 mi? of the flood plain of the
White River, nearly reaching Puget Sound at Tacoma (Crandall, 1971). Despite the fact
that the source was a volcano, it is possible that it may not have been of volcanic origin
(R.L. Schuster, personal communication, 1989). Since 1948 Mount Rainier has generated
tens of minor, non-volcanic debris flows: in 1988 a debris flow down the west side of the
volcano buried the “west-side” road in Mount Rainier National Park (J.E. Costa, personal
communincation, 1988).

This example raises several questions that cross existing program and Division bound-
aries. First, what are the triggers of this and other episodes of ground failure? Second,
where else can such failures occur? Third, does the potential hazard from such a land-
slide justify expenditures for developing a hazard warning system? Fourth, are changes



in glacial areas and runoff being adequately monitored to provide possible forewarning of
englacial drainage changes that may b associd‘,ted with the conditions of mass instability
on Mount Rainier?

The relation between volcanoes and earthquakes remains highly problematical. Of
particular concern is whether either a moderate magnitude crustal earthquake (M, 5+) or
a subduction zone earthquake would trigger volcanic eruptions. Are the dates for previous
eruptions known well enough to examine this scenario?

FRAMEWORK| FOR l\{ EHRP STUDIES

There are 6 necessary components of this program (outlined below in order of perceived
necessity), designed to address, in varying degrees, the spatial characteristics, expected
magnitudes, recurrence intervals, ambient strain, source characteristics, site response, and
attenuation associated with the 3 types| of earthquakes known to occur in subduction zones
like the Pacific Northwest. Coordination among the Earthquake Hazards, Landslide Haz-
ards, Volcano Hazards, Geothermal, Deep Col;;%inental Crustal Studies, and Sedimentary
Basins Programs is desirable and one of the few possible ways to squeeze more science
for limited dollars. A mechanism must be designed to allow the internal program to help
influence the direction and type of scieane supported by the external program.

Necessary Program Elements

Geodetic monitoring - A Global Positioning System (GPS) network must be deployed
along the entire Juan de Fuca — North American plate boundary. Deformation data being
collected across the Strait of Juan de Fuca suggest that east-northeast compression is
occurring across the region. As GPS becomes more readily available, this technology can
be employed in an expansion of the current deformation studies in Washington, Oregon,
and northern California.

Seismic monitoring - The current! seismic networks must be expanded to cover the
entire Juan de Fuca - North American plate boundary. Currently, northern California and
most of Oregon are inadequately covered. The complete network should utilize the real-
time, digital telemetry and storage systems being designed by the US National Seismic
Network (USNSN) and complement th exisiting Pacific Northwest short-period network.
The purpose of this monitoring is simple: A t%uch better description of potential earth-
quake sources is needed in the Pacific Northwest. This description by necessity will rec-
ognize the the three different source zones. Seismic monitoring will determine if the Juan
de Fuca plate beneath central and southern Oregon is truly aseismic. The data recorded
by the expanded network, combined with the additional broad-band data collected by the
USNSN, will provide the data base necessary for sophisticated structural modeling of the




tested and debated. Are the Willamette trough and the Puget Sound basin recent features?
When did they form and how did the tectonic framework change to allow their formation?
Are the mid and upper crustal rocks in the Puget Sound basin highly deformed, with
thrust faults having as much as 10 km of offset?

Strong ground motion - A free-field strong ground motion network must be deployed
in the populated regions of the Pacific Northwest. The data from this network should be
supplemented with building monitoring using a portable network. An updated catalog of
all strong ground motion monitoring sites in the Pacific Northwest should be prepared.

Modeling - Geophysical and engineering modeling studies (seismic sources, attenu-
ation, expected ground motion, etc.) must be expanded. Experiments of opportunity,
particularly with the Deep Continental Studies program, to study attenuation should be
encouraged.

Tectonic framework - The tectonics of the Pacific Northwest subduction zone must be
as well understood as possible. Despite comparisons between the Cascadia subduction zone
and other zones around the world and geological evidence of movement during Holocene
time along the Washington and Oregon coasts (Atwater, 1987), the lack of seismicity on
the thrust interface between the Juan de Fuca and the North American plates makes
the analysis of the potential for great thrust earthquakes equivocal. In the absence of
earthquake activity on the thrust interface, other data that will allow the definition of the
active processes occurring in the subduction zone are needed for a complete assessment
of the hazards facing this region. These processes, whether they be tectonic underplating
in the thrust interface zone, splay faulting in the coastal margins, active magmatism, or
the interaction of backarc extension in the Basin and Range with the subduction tectonics
of the forearc region, need to be understood to allow earthquake hazards of the Cascadia
subduction zone to be placed in the proper plate tectonic framework. Central to these
data is an understanding of the long-term effects of convergent margin tectonics on the
crust of North America and on the interface between the two plates. In particular, bedrock
mapping, at a 1:250,000 scale, of critical areas (Bellingham and Vancouver, WA, Oregon,
and northern California) must be completed. Tectonic syntheses of seismic, geodetic,
geologic, gravity, etc., data must be undertaken; these studies should include Geographical
Information Systems (GIS) approaches. A regional GIS data base must be established.

COMMUNICATION AND IMPLEMENTATION

Major components of the NEHRP effort in the Pacific Northwest must be the commu-
nication of the scientific results to the engineering and planning communities and greater
cooperation between the states and the scientific community. The State Geological surveys
of Washington, Oregon, and California, in partnership with the USGS and universities,
should be the key agencies in a coordinated effort to present scientific results in a manner
that are understandable and usable to the appropriate users. This effort should include
the following components:

e The USGS and the GSC should co-sponsor at least 1 meeting on geologic hazards
in the Pacific Northwest that focuses on current science and issues in the area and



provides a forum for thorough comparison with other subduction zones. Members
of the State Geologic Surveys should be present as advisors. A meeting in 1992 is
suggested.

A new mechanism for transferring research results to state and local communities must
be devised. The current mechanism in tﬁe Pacific Northwest is a series of workshops
that attempt to reach a mixed audience (ranging from scientists to local planners).
Better segregation of disciplines should be tried so that the audience is well-defined
and so that the material presented is suited to the audience. Contacts between the
USGS and primary endusers should be expanded via professional engineering groups
and similar organizations. The State Geological Surveys should take a more active role
in coordinating the transfer of information, hosting smaller meetings of the necessary
scientists, facilitators, and appropriate audiences.

The states of Washington, Oregon, and California should contribute to all aspects
of the program at state level through salary support for researchers and support for
university and state agency research projects.




REFERENCES

Atwater, B.F., Evidence for great Holocene earthquakes along the outer coast of Washing-
ton State, Sctence, 236, 942-944, 1987.

Crandall, D.R., Postglacial lahars from Mount Rainier Volcano, Washington, USGS Pro-
fessional Paper 677, 75 pp., 1971.

Heaton, T.H., and S.H. Hartzell, Source characteristics of hypothetical subduction earth-
quakes in the northwestern United States, Bull. Sessmo. Soc. Am., 76, 675-703, 1986.

Kienle, C.F., S.M. Farooqui, R.J. Strazer, and M.L. Hamill, Investigation of the Ribbon
CIliff landslide, Entiat, Washington, Shannon and Wilson technical report, 19 pp.,
Seattle, WA, 1978.

Ludwin, R.S., C.S. Weaver, and R.S. Crosson, Seismicity of Washington and Oregon, in
E.R. Engdahl, ed., Neotectonics of North America, Geol. Soc. Amer., Boulder, CO,
(in press), 1989.

Malone, S.D., and S. Bor, Attenuation patterns in the Pacific Northwest based on intensity
data and the location of the 1872 North Cascades earthquake, Bull. Seism. Soc. Am.,
69, 531-546, 1979.

Weaver, C.S., and K.M. Shedlock, Potential subduction, probable intraplate, and known
crustal earthquake source areas in the Cascadia subduction zone, US Geological Survey
Open-File Rep., 89-xxx, this volume.



40° L
132°

~ Explorer
Plate

Shuswap
Complex

Okanogan
Highlands

Washington

Columbia
Plateau

ldaho

h Lava
lains <

Basin
and
Range

Nevada

\

Plateau

40°
116°

Fig. 1. Location map for the Pacific northwest subduction zone region. Open triangles
mark active volcanoes of the Cascade Range. Octagons mark earthquakes of magnitude

4 or larger listed in the NOAA catalog
others, 1989.

hrough 1985. Figure is taken from Ludwin and

10



POTENTIAL SUBDUCTION, PROBABLE INTRAPLATE, AND KNOWN CRUSTAL
EARTHQUAKE SOURCE AREAS IN THE CASCADIA SUBDUCTION ZONE

Craig S. Weaver
U.S. Geological Survey
at Geophysics Program AK-50
University of Washington
Seattle, Washington 98195

and

Kaye M. Shedlock
U.S. Geological Survey
Denver Federal Center

Denver, Colorado 80225

INTRODUCTION

The tectonic setting of western Oregon and Washington is dominated by the sub-
duction of the offshore Juan de Fuca plate system beneath the continental North Amer-
ican plate. These two plates are converging, in a relative direction that is approxi-
mately northeast, at the rate of between 3-4 cm/yr [Riddihough, 1984]. The zone of
convergence between the Juan de Fuca and North American plates is known as the
Cascadia subduction zone and includes the area from the trench offshore to the Cas-
cade volcanic arc (Figure 1). In subduction zone environments there are three distinct
earthquake types that occur in separate source regions: 1) interface or subduction zone
events occur at the long, sloping zone of contact between the two plates (spatially this
region of contact in Figure 1 is from the trench landward to about the Coast Range),
2) crustal earthquakes occur within crust of the overriding North American plate, and
3) intraplate earthquakes occur within the subducting Juan de Fuca plate. Knowledge
of the earthquake source regions, a prediction of expected fault motions and the forces
responsible for generating the earthquakes within the distinct source regions are funda-
mental to estimating the earthquake hazards of the Pacific Northwest.

Of the three source types, crustal earthquakes in the North American plate and
events within the subducting plate (we will refer to these as intraplate events) have
formed the basis of earthquake hazard analysis for the Pacific Northwest [e.g., Alger-
missen, 1988]. The historical record, thought to be complete since the 1870’s at the
magnitude 6 and greater level for Washington and Oregon [Ludwin et al., 1989],
includes two events that almost certainly were crustal (the 1872 in the North Cascades
and 1937 events in southeastern Washington) and six earthquakes that are either con-
sidered or known to have been within the subducting plate (1873, 1909, 1939, 1946,
1949, and 1965). The 1873 earthquake was located near the Oregon-California border
at the coast, whereas all of the other deep events were within the Puget Sound basin.
One of the enigmas of the Cascadia subduction zone is that in Oregon and Washington
there are no recorded earthquakes that have occurred on the interface. In most subduc-
tion zones it is this interface that produces the great (magnitude 8+) thrust events like
the earthquake that struck Alaska in 1964. Recently, efforts have been taken to incor-
porate at least the possibility of great thrust zone eanhquakes into the regional hazard
analysis [Algermissen, 1988].

This paper focuses on the extent of the three source regions for the Cascadia sub-
duction zone. In drawing the source regions we have relied on recent compilations of
earthquake catalogs for Oregon and Washington, studies of regional seismotectonics,
investigations of coastal marsh stratigraphy and determinations of the plate geometry.
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It is clear that intraplate earthquakes, the most frequently observed of the large magni-
tude events (6+) in the historical record Oregon and Washington, are understood
well enough that the source region expected to produce events in the future can be
specified with great confidence. Despite uncertainty surrounding the details of how
and when great subduction zone thrust events may occur on the interface, there is
clearly a growing acceptance of the past accurrence of these events. As the general
forces that produce these events are understood from comparative studies with other
subduction zones, it is possible to illustrate the possible source regions fairly accu-
rately. Finally, because the causes of the large magnitude crustal events in the histori-
cal record remain obscure, the extent of western Washington and Oregon which may
arthquakes remains uncertain. As noted else-
where in this volume [Shedlock and Weaver, this volume], narrowing the uncertainty
surrounding the occurrence of great subduc¢tion zone events and determining whether
the urban centers in Puget Sound and the Willamette Valley are subject to magnitude

ducting plate, and this geometry is usually inferred from the locations of Benioff zone
earthquakes that occur within the subducting plate. But in the Pacific Northwest the

1 Baker, 1988]. The most active portion of
the Benioff zone is beneath the Puget Sound basin of northwestern Washington, where
several large magnitude earthquakes, including the 1949 south Puget Sound (M S=7.1)
and the 1965 Seattle (m, =6.5) earthquakes have occurred (Figure 1). These” large
events were within the s?xbducting Juan de Fuca plate and form the basis of most
earthquake hazard assessments within the region. Beneath northwestern Washington
the plate geometry is expected to be complex, as élle strike of the offshore subduction
zone changes from nearly north-south along the Oregon coast to northwest along the
Vancouver Island coast (Figure 1). The plate geometry beneath Washington must
accommodate this change in strike and the |associated lateral shortening when the sub-
ducting plate encounters the convex face of|the continental plate.

The installation of additional seismographic stations since 1980 both along the
coast and in southwestern Washington and northwestern Oregon has allowed for better
detection and location of earthquakes within the Juan de Fuca plate beneath North
America. The distribution of earthquakes deeper than 20 km located since 1980 is
shown in Figure 2 along with focal mechanjsms for the 1949 (M _=7.1), 1965 (m, =6.5)
and 1976 (m, =5.1) earthquakes. Despite the impro#ement in thé seismic netwoﬁ(, the
majority of earthquakes have continued to be concentrated beneath northwestern Wash-
ington. However, since 1980, some earthquakes have been located at depths greater
than 30 km beneath southwestern Washington and the northern Oregon Coast Range,
including an event in 1981 near the central Oregon coast (Figure 2).

Plotting the earthquake hypocenters in cross section allows the change in the
geometry of the Juan de Fuca plate to be mapped across the region. To show the rela-
tion between the intraplate events within the Juan de Fuca plate and the crustal earth-
quakes in the overlying plate in northwestern Washington and northern Oregon, we
have replotted the deeper events from Figure 2 and added the events shallower than 20
km (Figure 3). The Juan de Fuca plate arches upward beneath southern and central
Puget Sound [Crosson and Owens, 1987; Weaver and Baker, 1988], complicating plot-
ting of seismic cross sections. To avoid the problem of projecting earthquakes across
the arch to an inappropriate spatial position on a single cross section, we have plotted
two example cross sections of seismicity (Figure 4)Ton either side of the arch. Cross
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sections drawn in western Washington show two populations of earthquakes: the shal-
low distribution is within the crust of North America; the second population is distinct
from the shallow events, and these events have been interpreted as being within the
subducting plate [Crosson, 1983; Taber and Smith, 1985]. In southwestern Washing-
ton these deep events form a thin distribtion that dips east-southeast from near coast to
the western edge of the Cascade Range (Figure 4a). The hypocentral depths increase
from about 25-30 km near the coast to about 70 km beneath the western C%scade
Range, and the plate dip increases from about 10~ near the coast to about 20-25~ near
the location of the 1949 earthquake (Figure 4a). Thus, beneath southwestern Washing-
ton the Juan de Fuca plate dips to the east-southeast, approximately parallel to the
orientation of line A-A’ in Figure 3. This direction of plate dip is in contrast to the
northeast direction of plate dip beneath northwestern Washington (Figure 4b); the
change in dip direction occurs near the location of the 1965 earthquake shown in Fig-
ure 3.

This change in the distribution of earthquake hypocenters reflects an upward arch-
ing of the Juan de Fuca plate beneath Puget Sound compared with the depth of the
plate beneath southwestern Washington (Figure 5). As noted by Weaver and Baker
[1988], the average dip of the Juan de Fuca plate between the trench and a depth of 60
km increases both north and south of the arch beneath Puget Sound. One consequence
of this geometry is that the contact area between the Juan de Fuca and North American
plates is probably greatest beneath northwestern Washington.

PROBABLE SOURCE REGION FOR INTRAPLATE EARTHQUAKES

The plate geometry (summarized in Figure 5) allows the occurrence of the large
earthquakes in the historical record (e.g., 1949, 1965) to be related directly to the plate
configuration [Weaver and Baker, 1988]. The T-axis from the focal mechanism calcu-
lated by Baker and Langston [1987] for the 1949 sogth Puget Sound earthquake
(Mg=7.1) is oriented to the east-southeast, and the 20~ plunge of the T-axis was

ho%vn by Weaver and Baker [1988] to be in good agreement with the plate dip angle

determined from the earthquake hypocenters (Figure 4a). Therefore, Weaver and
Baker [1988] concluded that the 1949 earthquake resulted at least in part from down-
dip tensional forces within the subducting Juan de Fuca plate, an interpretation con-
sistent with observations for many earthquakes in this depth range in other subduction
zones [Isacks and Molnar, 1971]. Rogers [1983a] reached a similar conclusion con-
cerning the forces responsible for the 1965 south Seattle earthquake and the 1976
Pender Island earthquake (m, =5.1). Both events were at a depth of about 60 km and
focal mechanisms calculated l?or both earthquakes were normal faulting with the T axes
striking northeast and plunging down-dip [Rogers, 1983a).

Based on the agreement between the dip of the Juan de Fuca plate as inferred
from earthquake hypocenters determined from the modern seismographic network and
the dip of the T-axes calculated for the larger magnitude historical earthquakes, we
believe that we can confidently predict the intraplate earthquake source region for the
entire plate (Figure 6). We expect that future large magnitude (*7) interplate events
will occur within the Juan de Fuca plate (and the Gorda plate beneath southernmost
Oregon and northern California) in the depth range of the 1949 and 1965 events.
Although the depths of these events are considered to be well-known, we have chosen
to bracket our source region at a shallower depth. An examination of the University
of Washington seismic catalog for the years 1970 through 1989 shows that all of the
intraplate earthquakes greater than magnitude 4 are below 45 km and that none have
been located deeper than the 1976 event. Therefore, we have used the depth range of
45 tg) 60 km for our estimate of the probable source region for intraplate events (Fig-
ure 6).
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We emphasize that this probable source region represents the likely areal extent
within which an event may occur; the actual dimensions of the fault area associated
with an earthquake of approximate magnitude 7 would be expected to be similar to the
40 km long-fault estimated for the 1949 south Puget Sound earthquake [Baker and
Langston, 1988]. The querried area in southern Oregon represents the region of unk-
nown plate geometry where no intraplate earthquakes have been located either because
any events that did occur were not large enough to be detected by the existing seismic
network or no events have occurred. We note that the expansion of the existing
seismic network, as proposed by Shedlock and Weaver [this volume], would greatly
help to resolve this long-standing question concerning whether this portion of the Juan
de Fuca plate is currently truly aseismic. Even with few earthquakes an expanded net-
work would provide needed teleseismic and regional earthquake data that could be
used to investigate the structure of the Juan de Fuca plate within the querried area. In
northern California Benioff zone earthquakes again allow the plate depth to be
estimated from the trench eastward to the western edge of the Cascade Range [see
Cockerham, 1984; Walter, 1987], so we have shown the probable source area here
between the same depth limits as in Washington and northern Oregon.

POSSIBLE SOURCE REGIONS FOR SUBDUCTION ZONE EVENTS

At nearly all convergent margins around the world, large magnitude (8+) earth-
quakes are known to occur: Cascadia is unusual in that there is no known large earth-
quake in the historical record. However, recent studies including subduction zone
characteristics [Heaton and Kanamori, 1984; Heaton and Hartzell, 1986], crustal strain
accumulation in Washington [Savage et al., 1981], crustal earthquakes in southwestern
Washington [Weaver and Smith, 1983], and the stratigraphy of coastal marshs along
the Washington and Oregon coasts [Atwater, 1987; Grant, 1989] have all either con-
cluded directly or inferred that the Cascadia subduction zone should be regarded as
capable of generating great interface events.

There are two points to consider in drawing possible source regions. The first is
the possible magnitude of the event (for| large earthquakes magnitude is calculated
using the "seismic moment of the event" thus we refer to the moment magnitude). As
the moment magnitude is critically dependent on the area of the zone that breaks, in
order to show examples of possible source areas/ we must estimate rupture lengths
(parallel to the strike of the trench) and widths. A minimum length for these estimates
is provided by Heaton and Kanamori [1984]. On the basis of an analysis of plate age
and convergence rate used in a regression against the observed magnitude of interface
events in other subduction zones, they suggested that in Cascadia an event of about
moment magnitude 8.3 would be expected given the plate age and convergence rate
measured there; such an earthquake might be expected to rupture a length on the order
of 150-200 km along the subduction zone. After comparing a number of additional
plate parameters such as offshore bathimetry and/ gravity and the historical rate of
moderate (magnitude 5.7+) earthquakes, Heaton and Hartzell [1986] suggested that the
entire length of the Cascadia zone (1100 km), from Cape Mendocino to central Van-
gouver Island might rupture in one great event with a moment magnitude greater than

The second point in estimating source areas concerns the width of the rupture
perpendicular to the coast. Here, there are two competing models. In the first model,
the rupture extends from the trench downdip along the interface to a depth of between
30-40 km. Because of the plate geometry, this width varies along the subduction zone.
The width is a maximum beneath northwestern Washington (“200 km), and narrows to
less than 100 km beneath central Oregon and areas further south (Figure 5). In the
second model, in areas like Cascadia that have a very high rate of sedimentation
offshore, Byrne et al. [1988] have argued that as these sediments are subducted they
allow very poor coupling from the trench landwar ‘ possibly as far as the coast. With
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this model, the potential source area capable of generating subduction zone interface
earthquakes in Cascadia is greatly reduced, consisting approximately of the area from
about the coast inland to where the subducting plate begins to subduct steeply east-
ward, perhaps at an approximate depth of 50-60 km [Byrne et al., 1988]. Because of
the plate geometry, south of the arch beneath Puget Sound this area is particularly
small (Figure 5).

In drawing examples of possible source areas, we have illustrated the case where
the zone is filled by two events (Figure 7); Heaton and Hartzell [1986] discuss several
other possible ways that the entire zone might rupture. With respect to the width, we
believe it s difficult to explain the pattern of sudden, jerky subsidence recorded in the
coastal marsh stratigraphy that has now been widely observed in Oregon and Washing-
ton, without the rupture area extending offshore. We emphasize that our choice of two
earthquakes to fill the Cascadia subduction zone is for illustration only. However, we
note that if our preference for the trench-40 km depth fault width can be substantiated
through experimental and model work, the more westward extent of the eastern limit
of this source region compared to the suggestion of Byme et al. [1988] may have
implications for hazards assessments in the urban areas. The greatly expanded strain
studies suggested by Shedlock and Weaver [this volume] would help address which of
these two source area possibilities is correct. Indeed, the great areas involved in any
potential interface earthquake (Figure 7) clearly mandates plate-scale investigations of
the processes of earthquake generation.

KNOWN SOURCE REGIONS OF LARGE CRUSTAL EARTHQUAKES

There are few known large magnitude (7+) crustal earthquakes in the North
American plate in the Pacific Northwest. During this century two events of magnitude
7 or greater have occurred in central Vancouver Island (in 1918 and 1946), and one
event occurred within the North Cascades of Washington in 1872. With respect to the
Vancouver Island events, they were probably related to the stress regime generated by
the interaction of the Explorer plate (at the northern end of the Juan de Fuca plate)
with the North American plate [Rogers, 1983b]. The cause of the 1872 event remains
problematical as it occurred in an area with very little contemporary seismicity and lit-
tle geological evidence of any post-Miocene tectonism.

The existence of these large crustal events does raise the question of whether they
might occur within the urban areas of western Washington and Oregon. Unfortunately,
the sparsity of known Quaternary faulting [Gower et al., 1985] and the current seismi-
city distribution does little to answer this question. Part of the problem in the Puget
Sound basin is that the crustal earthquakes do not fall along simple, linear fault zones,
but appear to be distributed throughout the crust (Figures 3, 4b). Zollweg and Johnson
[submitted] have recently interpreted a sequence of earthquakes on the western margin
of the North Cascades as evidence of a southerly dipping fault zone, the first such
zone identified in northwestern Washington. Nevertheless, it remains impossible to
infer either the possibility of or argue conclusively against a future magnitude 7+ shal-
low crustal earthquake in Puget Sound.

In contrast to the earthquake distribution in the Puget Sound basin, in
southwestern Washington, much of the earthquake activity occurs along the St. Helens
zone (SHZ), a right-lateral strike-slip zone that defined for over 100 km [Ludwin et al.,
1989; Weaver and Smith, 1983]. Two earthquakes greater than magnitude 5 have
occurred on the SHZ since 1960. Mount St. Helens directly overlies the zone where a
small (few kilometers) right-stepping offset occurs [Weaver et al., 1987]. Several stu-
dies have assumed that the complications beneath Mount St. Helens effectively prohi-
bit the entire 100 km length from rupturing in a single earthquake [Weaver and Smith,
1983; Grant and Weaver, in press]. Grant and Weaver [in press] compared possible
source areas along the SHZ north of Mount St. Helens with observations of both fault
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result of this comparison, Grant and Weaver concluded that an earthquake in the mag-
nitude range of 6.2-6.8 was the expected
of Mount St. Helens.

Our final plot of crustal earthquake source
regions where these events have occurred |plus the
San Andreas system in California. The large area s
trates the uncertainty in the epicenter [Malone and
of hazards assessment the expected maximum ma;
probable over the entire region [Algermissen, 198
advantage of both accurate location and an und
responsible for crustal earthquakes, in that along the

area and magnitudes calculated from eartl:}uakes on other strike-slip fault zones. As a

aximum magnitude event for the SHZ north

areas (Figure 8) shows only the
SHZ and the northern end of the
shaded in the North Cascades illus-
3or, 1979]. From the point-of-view
gnitude event has been considered
8]. The map does emphasize the
lerstanding of the seismotectonics
SHZ it is possible to place a large

event on a specific structure, as opposed to
event may occur throughout a given area.

a very incomplete assessment of the source
able regional geology, local Quaternary stu
discussed by Shedlock and Weaver [this
uncertainty of source regions for large crust

SUMNM

having to consider it equally likely that the
We emphasize that this final map represents
> regions of large crustal events. Consider-
idies, and regional-scale strain networks, as
volume], will be required to narrow the
al earthquakes.

VIARY

he Cascdadia subduction zone, three distinct
nakes at the interface between the Juan de
Fuca and North American plate, 2), earthquakes within the crust of the overlying North
American plate, and 3) earthquakes within the subducting Juan de Fuca plate. For
each source type we have estimated the region over which we expect an earthquake of
that type to occur. The probable source region for intraplate earthquakes within the
Juan de Fuca plate is the best known, a}vc are able to combine the historical data

In the convergent margin setting of tl
earthquake sources are possible: 1) earthqt

from the 1949 and 1965 earthquakes with the modem instrumental record. The latter
data have been used to infer the geometty of th¢ Juan de Fuca plate whereas the
former have been used to deduce that the large magnitude earthquakes occur at least in
part in response to down-dip tensional forces within the subducting plate. We estimate
that the entire subduction zone, at depths between 45 and 60 km, is capable of produc-
ing these events.

Despite many unresolved issues surrounding great subduction zone interface
earthquakes, as these events occur on the shallow interface, the source area is at least
limited to those areas of the plate above 60 km depth. In illustrating one of many pos-
sible combinations of sources along the zone, we have chosen to limit the source area
above 40 km depth. Regardless of the maximum source depth, these earthquakes
represent a major threat to the population of the Pacific Northwest that has not been

fully integrated into current hazard assessments,
integration will necessarily have to consi
Finally, the possibility of large crustal ear
poorly studied in the Pacific Northwest. Ma]
mine whether the urban centers in wester

with the problems posed by this source type.

d a program to accomplish this
er the large scale of these earthquakes.
thquakes in the urban areas remains very
or new initiatives will be required to deter-
n Washington and Oregeon must contend
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Figure 1. Map showing plate boundaries and physi-tectonic provinces of the
Pacific Northwest region. Earthquakes shown are magnitude 4 or larger events listed
in the NOAA catalog through 1985. The 1949 south Puget Sound earthquake, the
largest instrumentally recorded event in Washington or Oregon, is also shown. Open
triangles are Quaternary stratovolcanoes, abbreviated as follows: M, Meagher Moun-
tain; B, Mount Baker; G, Glacier Peak; R, Mount Rainier; S, Mount St. Helens; A,
Mount Adams; H, Mount Hood; J, Mount Jefferson; N, Newberry Volcano; ML, Medi-
cine Lake Volcano; Sh, Mount Shasta; L, Lassen Peak. [Figure from Ludwin et al., in
press]
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Figure 2. Distribution of earthquakes greater than 20 km depth in western Wash-

ington and northwestern Oregon. The

earthquakes are from the period 1 January 1980

to 31 August 1986; the 1949, 1965 and 1976 earthquakes discussed in the text have

been added. Earthquake magnitudes

indicated by size of symbol, with the smallest

symbols representing magnitudes between 1.5 and 3.4, event magnitudes between 3.5
and 5.4 by medium symbols, and magnitudes 5.5 to 7.4 by large symbols. Focal

mechanisms for the three events have
quadrants white. Sources for the mec
gles are Quaternary Cascade stratovolg
G, Glacier Peak; R, Mount Rainier; S,
Hood; J, Mount Jefferson; T, Three Sis

compressional quadrants darkened, dilatational
hanisms | are given in the text. Darkened trian-
anoes, abbreviated as follows: B, Mount Baker;
Mount St. Helens; A, Mount Adams; H, Mount
ters. [Figure from Weaver and Baker, 1988]
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Figure 3. Areas plotted in cross section in Figure 4. All events within each rec-
tangle have been projected onto vertical planes oriented along lines A-A’ and B-B’.
Well-located crustal earthquakes, above 20 km depth, have been plotted along with the
events from Figure 2. Earthquakes are scaled by magnitude, with events smaller than
magnitude 4 plotted as the smallest symbols. Events larger than magnitude 4 are plot-
ted in four increasingly larger sizes: 4.0 to 4.9; 5.0-5.9, 6.0-6.9 (only 1965 event), and

greater than magnitude 7 (one event in 1949). [Figure from Ludwin et al., in press]
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projected hypocenters are given in Figure 3.| Earthquakes are all plotted with one sym-
bol size, except for the 1949, 1965, and 1976 events discussed in text. Arrows for

these events indicate the dip of the T-axes,
km wide and there is no vertical exaggeration; to
Figure 3 is plotted at a 10:1 vertical exaggeration

press]

urces are in the text. Each section is 200
graphy along the lines shown on
[Figure from Ludwin et al, in
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Figure 5. Summary of plate geometry beneath Washington and northern Oregon.
The 40 and 60 km depth contours are taken from the westward extent of the 30-40 km
and westward extent of the 50-60 km distributions plotted by Weaver and Baker
[1988]. Bold arrow offshore shows the direction of convergence between the Juan de

Fuca and North American plates. [Figure from Weaver and Baker, 1988]
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[in press] have suggested a makximum|magnitude earthquake in the range of 6.2-6.8.




CURRENT ASSESSMENT OF EARTHQUAKE HAZARD IN OREGON

Robert S, Yeats

Department of Geology, Oregon State University
Corvallis, OR 97331

Five years ago, very few people were concerned about major earthquakes in
the State of Oregon. Historical damaging earthquakes had been recorded in the
adjacent states of Washington, Idaho, Nevada, and California, but not Oregon.
This lack of concern is expressed today in seismic zoning maps, which put the
State of Oregon in a lower seismic risk category than adjacent states.

Today, the earth-science community appears to have reached a consensus
that Oregon has been struck by large earthquakes in the past, and, therefore,
that Oregon is likely to be subjected to large earthquakes in the future.

There is no agreement among earth scientists on whether Oregon will be
subjected to a magnitude 9 or only a magnitude 7 earthquake. Nor 1is there
compelling evidence for past large earthquakes directly beneath the heavily
populated Willamette Valley. But the evidence found in marshes in estuaries on
the Oregon coast is compelling enough for reevaluation of seismic zoning maps
and of the seismic safety of critical facilities such as power plants,
hospitals, and dams,

In evaluating earthquake hazards, it is not enough to show that crustal
deformation has taken place in the recent past, because such deformation could
take place slowly and smoothly, unaccompanied by earthquakes., It is necessary
to show that deformation occurred in sudden jerks, as it does during an
earthquake.

In Oregon and Washington, scientists have now shown that coastal marshes
and coniferous forests have repeatedly undergone sudden subsidence that killed
the marshes and forests by inundating them with sea water. Sand commonly found
overlying the marshland sediments shows strong evidence of having been
deposited by a seismic sea wave, or tsunami. Sand of this kind has been
reported from the Salmon River and Alsea Bay, Oregon and from Willapa Bay,
Washington.

Many attempts have been made to account for the buried marshes by non-
selsmic processes, notably gigantic 500-year storms or a slow rise in sea
level. Sea level change in the last 5000 years does not appear to be large
enough to account for the marshland burials. Marshes on the East Coast and
Gulf Coast of the United States have been subjected to great storms in the
past, notably hurricanes, but these marshes do not show evidence of rapid
burial. However, marshes around the Gulf of Alaska and in southern Chile do
show evidence of rapid burial, including burial after the 1960 Chile earthquake
(magnitude 9.5) and the 1964 Alaska earthquake (magnitude 9.2). We cannot
completely exclude the possibility that the marshes could have been mantled
with sand by a gigantic Pacific storm occurring during a time of temporary sea-
level rise in the last few thousand years., But this explanation has very
little support among scientists because it is unlikely that a great storm and a
temporary sea level rise would have coincided 7 or 8 times in the last 5000
years,
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The only note of caution about cbrrelating marsh subsidence with
earthquakes is the absence of evidengr of strong shaking of marsh deposits,
which would be expected during a great earthquake.

The most recent great coastal subsidence event occurred 300-400 years ago,
as dated by carbon-14, and is known to have inundated many marshes and forests
ea Bay in Oregon. Carbon-14 dates from
partially submerged archeological sites are iconsistent with submergence during
the most recent event as well as an earlier levent 3100 years ago. However,
carbon-14 dates do not permit us to say whether a given subsidence event
occurred in one earthquake or several over a period of 50 years, We could
calculate the magnitude of an earthquake rupturing the subduction zone from
Grays Harbor to Alsea Bay, but this would be considered as a maximum possible
event. Tree-ring dating could incredse the time resolution, but only where the
subsidence events are recorded by killed trees in lowland forests.
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Oregon, which is characterized by the maxiumum compressive stress oriented
north-south. These faults and folds clearly deform the Columbia River basalt,
deposited 16.5 to 12 million years ago. Most of these structures also deform
semiconsolidated sediments that overlie the Columbia River basalt, but these
sediments are poorly dated. If these sediments are as young as a few hundred
thousand years, then these faults would be shown to be capable of generating
future earthquakeg. Investigations to answer these questions are underway.

The only clear evidence for recent crustal earthquakes comes from the
South Slough of Coos Bay, where marshes show evidence of at least 8 burial
events in the last 5000 years. South Slough is in the axis of a syncline, or
down-fold, and the buried marshes show that this syncline formed by a series
of earthquakes, possibly on a deeply-buried fault that nowhere reaches the
surface. Coos Bay 18 at the eastern margin of a zone of active faults and
folds that extends north-northwestward offshore, parallel to the foot of the
continental slope and not parallel to the coastline, which extends northward.
These faults and folds respond to the northeastward subduction of the Juan de
Fuca plate beneath Oregon and are not in accord with the north-south principal
compressive stresses measured elsewhere in western Oregon. Thus we cannot
apply the evidence for earthquakes at Coos Bay directly to the Willamette
Valley, which is much farther inland from the trench,

Western Oregon has very few instrumentally-recorded earthquakes, and most
of these are in the Portland area, part of a zone that extends northward into
Washington. Part of the reason for so few earthquakes 18 that Oregon has very
few seismographs to record small earthquakes, as compared with adjacent states,
For this reason, small earthquakes that could be recorded in Washington or
California are not recorded in Oregon. However, the lack of larger
earthquakes, magnitude greater than 2.5, is not an artifact of poor
ingtrumentation., The Washington network has recorded many earthquakes in the
North American crust and many more in the deep oceanic slab that is now being
subducted, but none on the interface between the two plates, the place where
subduction-zone earthquakes would occur. The absence of earthquakes could be
explained by very smooth, frictionless subduction, or by subduction having
stopped entirely., Neither explanation is likely. The most logical explanation
is that the subduction zone is completely locked, building up strain for a
future earthquake. Most of the San Andreas fault that ruptured in great
earthquakes in 1857 and 1906 is seismically quiet, like the Willamette Valley.
The Coos Bay region, with the only clear evidence for recent crustal
earthquakes, i1s also seismically quiet. Even so, the complete absence of
ingtrumentally-recorded earthquakes on the subduction zone interface is
difficult to explain.

The lack of historical earthquakes should not be taken as evidence for low
seismic hazard because Oregon's recorded history spans less than 200 years, not
a sufficient time to be significant in earthquake hazard evaluation, The
submergence of archeological gites indicates that earthquakes affected Native
American communities prior to the establishment of a culture that kept written
records. The Armenian earthquake of December, 1988 occurred in an area that
had not had a major earthquake in 700 years, based on historical records. A
large portion of that part of the San Andreas fault of California that ruptured
in great earthquakes in 1857 and 1906 is now as seismically quiet as the
Willamette Valley. The southern San Andreas fault has not had a major
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earthquake in several hundred years,\and a long-range prediction experiment is
now underway in that region.

In conclusion, the marsh evidence is convincing enough to issue a public
warning about earthquake hazard in Oregon. ' We cannot say how large a
subduction zone earthquake could be, nor can we forecast when the next one
might occur. We also have not been able to assess the earthquake hazard posed
by local earthquake sources beneath the Willamette Valley. We are on the steep
part of the learning curve, and there are many challenges ahead of us.
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SEISMICITY OF PUGET SOUND AND SOUTHERN BRITISH COLUMBIA

By
R.S. Crosson
University of Washington
Seattle, Washington

Nearly two decades of seismic network operation in the Pacific Northwest have greatly
increased our understanding of small earthquake activity and structure of this region. The
earthquake pattern is governed to a large degree by the interaction of the North American, Juan
de Fuca, and Pacific plates. On the scale of plate dimensions, the subduction zone contact
between the Juan de Fuca and North American plates from Vancouver Island to northern Cali-
fornia (Cascadia subduction zone) is remarkably seismically quiet. Unlike most subduction
zones, we have not yet identified any earthquakes that represent the slip between these two
plates along the subduction zone. On a more local scale, however, the Puget Sound and Mt.
St. Helens regions of western Washington are relatively active and have provided much new
information on seismicity and structure.

Seismicity in western Washington falls into two distinct zones. One is a Wadati-Benioff
zone of subcrustal activity, lying within the subducted Juan de Fuca slab, and extending to
depths of 70-80 km. The second is a shallow continental crustal zone extending from the sur-
face to about 30 km depth. The two zones are distinguished by spatial separation, differences
in clustering behavior of earthquakes, differences in b values, and differences in focal mechan-
isms. b values for the two zones are 0.57 (slab) and 1.00 (crustal) based on a 17 year sample
of data. The largest Puget Sound region earthquakes such as the 1949 Olympia event have all
apparently occurred within the subcrustal zone. Conventional recurrence statistics for the sub-
crustal (Wadati-Benioff or "slab") earthquakes extrapolate to a 170 year mean recurrence
period for magnitude 7.4 earthquakes; however, a saturation of the recurrence curve is
observed for this sequence somewhat above magnitude 5. This saturation may reduce our
confidence in extrapolation of the recurrence curve. Analysis of crustal earthquakes, excluding
the Mt. St. Helens, Elk Lake, and Goat Rocks sequences, suggests a 170 year mean recurrence
interval for a magnitude 6.1 earthquake. These estimates are den'ﬁed for restricted regions of
high seismicity within the Puget Sound basin, roughly a 40,000 km“ region.

Temporal variations of seismicity are observed. For example, a drop in both the number
and apparent rate of energy release for the intra-slab earthquakes is observed beginning about
1985. However such variations may be within the normal statistical fluctuation. Extensive
focal mechanism studies have revealed that the crustal earthquakes occur in response to
regional North-South compression. The stress indicated by slab earthquakes appears to be
much more complex. The shape of the subducting Juan de Fuca slab has been estimated pri-
marily from a combination of seismicity and teleseismic waveform analysis. The slab appears
to be arched beneath Puget Sound and this structure may govern the stress complexity as well
as the localities where earthquakes occur within the slab. Recently we have been able to use
earthquake observations from the Washington network to analyze the structure of the crust in
the Puget Sound and Mt. St. Helens regions. These results are beginning to provide insight
into the distribution of accreted terranes in the continental margin region. There is evidence
that the Eocene Crescent terrane extends at depth westward beneath southern Puget Sound, and
that the irregular concentration of these rocks in the southern Puget basin coincides with a
region of low crustal seismicity.

It is remarkable that we have observed no plate interface earthquakes along the Cascadia
subduction zone, even though there is evidence that subduction is continuing at a rate of up to
3-4 cm/yr. Thus, unlike many subduction zones, there is no direct seismic basis upon which to
estimate the subduction earthquake hazard if it exists. Such estimates must come from
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s). Either the plate is entirely locked (even though
, Or it is slipping continuously and apparently ase-
at present. We can, however, begin to quantify
direct observations. Both historical and recent
observational data point t0 a clear hazard from intra-slab earthquakes, estimated to be up to
magnitude 7.4, beneath Puget Sound, and possibly beneath the San Juan Islands and Straits of
Georgia region. Crustal earthquakes of intermediate depth (20-40 km) in excess of magnitude
7 are a known hazard in central Vancouver Island. The widely dispersed and seemingly iso-
lated pattern of occurrence of intermediate and large crustal earthquakes in Washington, British
Columbia, and northwest Oregon generally does not correlate with present patterns of small
earthquake occurrence, indicating that we must leam much more about the details of crustal
structure and regional tectonic stress to adequately iunderstand the hazard from these earth-
quakes.

geological observations (paleoseismic studi
subducting at varying rates along the trencl
ismically. This hazard is difficult to quanti
the intra-plate earthquake hazard based




MEGATHRUST AND UPPER-PLATE PALEOSEISMICITY OF THE SOUTHERN
CASCADIA MARGIN

By
Curt D. Peterson
College of Oceanography
Oregon State University
Corvallis, OR 97331-5503

Summary: Coastal stratigraphic sequences from northern, central and southern Oregon record multiple
episodes of supratidal marsh burial by intertidal bay muds within the last several thousand years.
Detailed field and laboratory studies of sediment composition and stratigraphic sequences in the southern
Cascadia bays demonstrate that the marsh burial events are forced by tectonic subsidence and not by
extreme climatic or oceanographic conditions. Sharp, non-erosional burial contacts, together with abrupt
changes in micro-fossil assemblages and frequent occurrences of tsunami deposits all demonstrate that
most subsidence events represent coseismic strain release along this convergent margin. By
comparison, interseismic periods are generally characterized by vertical accretion (deposition) and by
gradual tectonic uplift (strain accumulation). Differences in the spatial and temporal distributions of
paleoseismic events between 43° and 45° N correlate with local and regional tectonic structures, implying -
segmentation of the southern Cascadia subduction zone. Finally, modern marsh evidence of terminated
uplift or possible subsidence might indicate a late stage of the current strain cycle. However, systematic
marsh field studies are needed to discriminate between interplate and upperplate SCISIDICIty, to constrain
rupture zone lengths, and to establish the current stage of the most recent strain cycle in the southern
Cascadia margin. These studies should be based on (1) common elevation datum, (2) adjacent basin
sampling strategies (3) longer records of coseismic tectonic cycles and (4) integrations with studies of
modermn strain accumulation and structure maps of Pleistocene terrace-shelf deformation.

Tectonic vs. Climatic/Oceanographic Forcing: End-member marsh systems formed in a coastal
lagoon (Netarts Bay, 45.4°), in a transitional fluvial-tidal estuary (Alsea Bay, 44.4°) and in a structural
‘fold-axis basin (South Slough, 43.3°) were studied for evidence of river flood, storm surge and tectonic
processes of marsh burial (Curt Peterson and Mark Darienzo, OSU). Tectonic subsidence was isolated
as the only mechanism capable of producing the marsh burial sequences which are clearly recorded in
each of the end-member marsh systems. Furthermore, persistent (>100 yr) reversals of tidal elevation
indicators, including organic:inorganic content, eolian:tidal sediment supply, and fresh:marine diatoms,
independently confirm vertical tectonic displacements. Radiocarbon dating of buried peats establishes
that 6-9 subsidence events occurred in each basin during the last 3,500-5,000 years, resulting in average
recurrence intervals of about 500 years for the different margin sites. Similar events of marsh burial
have also been observed in the Nehalem, Salmon, Nestucca and Siletz Bays of northern Oregon
(Wendy Grant and Alan Nelson, USGS; Mark Darienzo and Curt Peterson, OSU). Sharp non-erosional
burial contacts associated with reversals in the sediment source and in the fresh -to- marine microfossil
assemblages are observed across most burial horizons, demonstrating the predominance of abrupt
tectonic subsidence.

Coseismic Subsidence: Anomalous sand layers (1-20 cm thick) directly overlie buried marsh
horizons in Netarts, Salmon, Siletz, and Alsea Bays of central and northern Oregon. The sediment
capping layers lack bioturbation or internal cross-stratification, and were rapidly deposited out of
turbulent suspension. Thin sand sheets in Netarts Bay are laterally extensive (>1 km), but in Alsea Bay
they are found to thin upriver. Neither distribution pattern can be produced by river flooding or storm
surge processes. ‘Heavy mineral analysis of anomalous beach sand in sediment capping layers from the
upper reaches of Alsea Bay.confirm the upchannel transport of suspended sand over distances of > 1.5
km by landward directed, marine surges. The anomalous sand layers in central and northern Oregon
miarsh systems are exclusively associated with tectonic subsidence events (burial horizons), and must
represent deposits of locally generated tsunamis, as similarly reported for Washington (Brian Atwater,
USGS, Mary Reinhart, UW). The nearly one-to-one correlation of tsunami deposits with the marsh
burial events in northern and central Oregon provides compelling evidence for coseismic tectonic
subsidence in the southern Cascadia margin during late Holocene time. The landward attenuation of
tsunami surges in constricted channels accounts for the lack of these dlagnosuc deposits in some d1stal
marsh sequences that show other evidence of abrupt burial by tectonic subsidence.
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Interseismic Strain Accumulation: Interseismic periods recorded in coastal marsh sequences are
characterized by decreasing depositional rates associated with the transition from intertidal to supratidal
elevation. Post subsidence changes in tidal elevation are produced by both vertical accretion and gradual
tectonic uplift associated with vertical strain accumulation. For example, measured burial sequences in
Netarts Bay account for <50% of the estimated section depths based on successive 1-1.5 m vertical
displacements during the last 4 subsidence events (Mark Darienzo and Curt Peterson, OSU). Section
shortening can not be attributed to compaction as constant values of sediment bulk density are observed
downcore. In addition, the most recent mud burial horizon in Netarts Bay has been uplifted 0.5-1 m
above its initial depositional level (<0.2 m ) during the last 300-400 years, yielding a relative
tectonic uplift rate > 2 mm/yr. The tectonic cycles of interseismic uplift and coseismic subsidence are
i release of vertical tectonic strain landward of coastal
hingelines in active subduction zones of other convergent margins (George Plafker, USGS). The
neotectonic cycles recorded in the northern and central Oregon tidal-basins provide evidence of active
subduction tectonics along this historically aseismic in. The similarity of tectonic cycles (coseismic
subsidence and interseismic uplift) in the adjacent tidal basins (>30 km spacing) of the northern
Oregon margin argue against the influence of local faulting/folding in the forcing of observed coseismic
subsidence events. However, additional studies of adjacent marsh systems (10-50 km spacings) are
needed to confirm these conclusions.

Subduction vs. Upperplate Paleoseismicity: Recent burial events from several northern Oregon

and southern Washington bays show significant age overlaps centered on 300-400, 1,600-1,800 and
3,000-3,200 RCYBP, indicating the potential for age synchroneity over 200-300 km length scales
(Brian Atwater and Wendy Grant USGS, Peterson and Mark Darienzo, OSU). Due to inherent
dating limitations of paleoseismic events it is not possible to prove absolute event synchroneity between
these basins. However, the strengths of paleoseismic studies lie in the constraints that they impose on
estimates of maximum rupture lengths and/or boundaries of margin segmentation. For example, a
dramatic change occurs in the spatial continuity and st#augremhw signature of coastal subsidence events
along the southern Cascadia margin. In contrast to the broadly correlated subsidence events in tidal
‘basins of northern Oregon, the sequences of episodic marsh burial in the South Slough basin (southern
Oregon) are limited to a narrow syncline axis (Curt Peterson and Mark Darienzo, OSU; Alan Nelson,
USGS). Successive burial sequences are conspicuously absent from adjacent fold limbs and anticline
axes mapped adjacent to the South Slough syncline. In addition, no tsunami deposits are observed in the
burial sequences of the South Slough marshes. Similar (spatially restricted) subsidence events are
recorded in marsh sequences adjacent to an active thrust fault in Humboldt Bay, northernmost California
(Gary Carver, HSU). Coseismic subsidence gvents observed in coastal fold/fault belts of southern
Oregon and northernmost California are sp lated with mapped deformation structures of the
upperplate, and are apparently unrelated to subduction paleoseismic events of the northern Oregon and/or
Washington margins. The position(s) of the apparent neotectonic boundary(s) between the southern
Oregon and northern Oregon margin segments are presently not known. ‘

Stage of the Present Strain Cycle: The majority of prehistoric tectonic cycles recorded along the
northern Oregon margin reflect alternating events of coseismic subsidence with long periods (>100
years) of interseismic uplift. Itis generally n t known how long interseismic uplift has continued after
coseismic subsidence in prehistoric tectonic cycles of this margin. However, it is apparent that the
scarps) along the northern Oregon margin reflect the

stratigraphy (3,200 RCYBP) and this event was followed by the longest aseismic period (1,000 yr)
during late Holocene time. Significantly, undefined periods of aseismic subsidence (landward of coastal
e subduction zone earthquakes from the south Chile and
southeast Alaska margins (George Plafker, USGS). The question arises as to whether the present
termination of interseismic uplift along the northern Oregon margin represents (1) the initiation of a long
aseismic period or (2) the last stage of interseismic s accumulation leading to coseismic strain
release. Studies of longer records of coseismic and aseismic tectonic cycles from the southern Cascadia
margin are required to address this question.



GEODETIC DEFORMATION OF THE SOUTHERN
CASCADIA MARGIN

by

Paul Vincent
University of Oregon
Eugene, Oregon

SUMMARY :

Vertical and horizontal geodetic deformatlon of western
Oregon is currently belng analyzed at the Universlity of
Oregon. Vertical deformatlion (determined from repeated
level Ing surveys) along the coast of Oregon shows a
down-to-the-north tilt from Crescent Clity, Californla to
Tillamook, Oregon and a down-to-the-south tilt from
Tillamcok to Astoria. This suggests some form of
discontinuity of the megathrust somewhere (at depth) near
Tillamook. Smaller-scale warplng signals are also seen In
the vertical data that may Indlcate lccalized strain or the
presence of faults. Horlzontal/strain deformation
(determined from repeated trlangulation and/or G.P.S.
surveys)in western Oregon Is also currently belng analyzed.
The precision of the historical trlangulation data Is
sufficient to estimate horlizontal stralin rates and
directions of maximum compression for western Oregon. A
G.P.S. resurvey of the Columbla River trlangulalon network
will take place during July of 1989 (in cooperation with the
U.S.G.S. Crustal Strain Project, Menlo Park) and ls expected
to yeild a rellable stralin measurement for that region.

PRESENTAION OUTLINE:

Vertical Deformation:
-previous work (E-W) by Rellinger and Adams
-N-S deformation

~Crescent City to Reedsport 3-6x10-8 rad/yr
~Reedsport to Newport
-Newport to Tilamook (1930-1941>

-Tillamook to Astoria

-Coqulille to Newport
-Til1lamook to Astoria (1930-1987)

Horizontal/Straln Deformation:
-previous work
~triangulation surveys in Oregon

G.P.S. Data/Survey:
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while the historic records suggest the periods may be shorter
(50-500 yrs).

The coastline of Oregon and Washington contains a sequence of at
least five uplifted, Pleistocene, high-sea-level-stand marine
terraces with ages from 42 to 220 ka. The most preserved and
continuous of these terraces is the 82 ka Whiskey Run. It varies
from about 5 to 50 m elevation (20 m ave.) for about 600 km of
the coastline from just north of Cape Blanco to La Push. The
coastline is located from 60-140 km from the buried Cascadia
subduction-zone trench. Uplift rates derived from the Whiskey Run
terrace are low (0.2-0.6 mm/yr; 0.4 mm/yr ave.) and uniform along
the 600 km of coastline. No uplifted marine features younger than
42 ka have been observed along the coastline; broad modern wave-
cut platforms occur directly below the Pleistocene terraces
whether the coastline is close to the trench (as in Oregon) or
distant (as in Washington).

Given the characteristics of coseismic and long-term vertical
coastline deformation observed along other subduction zones and
given that great thrust events have been postulated for the
Cascadia subduction zone with recurrence intervals ranging from
about 400 to over 1000 years, the effects of uplift should be
particularly evident along the Oregon coast at distances up to
110-120 km from the trench. However, the characteristics of the
coastline of Oregon, as well as Washington, differ from other
subduction zones in that:

* There are no known uplifted Holocene marine features that
would indicate repeated great magnitude earthquakes.

* Broad, modern wave-cut platforms are ubiquitous, indicating
vertical stability during the late Holocene (past 1-6 ka).

* The amount and rate of late Quaternary uplift is low, and
uniform along the 600 km of coastline.

These different characteristics suggest that repeated great
magnitude earthquakes have not occurred along the Cascadia
subduction zone (at least off Oregon) during the late Holocene.
Alternatively, if the plate interface has generated great
earthquakes, the differences may be explained by longer recurrence
intervals for great events, smaller magnitude thrust events, or a
tectonic mechanism that does not result in coseismic uplift of the
coastline where expected.

Additional Reading:

Atwater, B.F., 1987, Evidence for great Holocene earthquakes
along the outer coast of Washington State: Science, v. 236, p.
942-944.

West, D.O. and McCrumb, D.R., 1988, Coastline uplift in Oregon

and Washington and the nature of Cascadia subduction-zone
tectonics: Geology, v. 16, p. 169-172.

37



CASCADIA SUBDUCTION ZONE : STRU

, TECTONICS , AND FLUID PROCESSES OF

THE ACCRETIONARY WEDGE AND ADJACENT ABYSSAL PLAIN

By

LaVeme D. Kulm

College of
State University

Oregon |
Corvallis,

Recent studies document periodic, large scale de

fo!

in the accretionary wedges of seismogenic subduction zone
Moore et al., 1988). The marine portion of the Cascadia su
accretionary wedge) off Oregon and Washington displays m
Jid venting processes (Kulm et al., 1986) that
late tecto

and tectonic-induced sedimentation pattems and fly
characterize these seismogenic zones with similar p
utilize these deformational and fluid processes to ev
subduction zone.

Studies in progress (L.D. Kulm) outline numerous

seaward of the initial deformation front, using SeaBeam ba

scan sonar, seismic reflection records and the sub
youngest Holocene sediments and some are expres
The mud volcanos lie from 2 to 7 km seaward of
from 75 to 250 m above the seafloor, and contain
rapidly deposited submarine fan/abyssal plain de
approximately perpendicular to the convergence di
volcanos and intersecting the deformation front.

Two main types of structural styles, seaward verget
landward vergence (thrust faults dipping toward
recognized along the lower continental slope off
Snavely, 1987). These structures are characterized
framework, respectively. In both cases the clastic
plate (Cascadia Basin) are being offscraped to fo
(Kulm and Fowler, 1974). In several areas faults ¢
deposited sediments associated with deformation
Intemnal basinal faults may surface on the seafloor
7 meters of vertical offset. In other areas the basin
landward or seaward direction) but no major inte
do not nucleate within the unconsolidated or semi-
(Byme et al., 1988), they must propagate updip int
the vicinity of the more consolidated material of th
Oregon-Washington) and located behind the accre

Additional studies in progress (L.D. Kulm) show
prominent along the 800-1200 m-high initial defo
bathymetry (several kilometers across) and associa
scan sonar records indicate large-scale catastrophic
patterns may result from strong ground motion geng
zone. The spatial distribution of the large-scale sed

pattems associated with large earthquakes off Oreg(

Active venting of pore fluids was recently docume;

Oceanography
OR 97331-5503

ation, massive sediment slumping and fluid venting
of the world (e.g., Boulegue et al., 1987;
uction zone (i.c., abyssal plain and

y of the active structural-tectonic elements

ic settings. We now have the opportunity to
aluate thel earthquake potential of the Cascadia

faults and mud volcanos on the abyssal plain, 1-15 km

etry, high resolution SeaMARC-IA side
ersible ALVIN. Some faults offset by a few meters the
as fault-bend anticlines with landward vergence.
initial deformation front on the abyssal plain, rise

ighly dewatered mudstones. They imply that the

its are overpressured. A fault, oriented
ction, usually cuts the abyssal plain, crossing the

nce (thrust faults dipping toward the continent) and

oceanic plate) of sedimentary sequences, are

gon and Washington (Silver, 1972; Barnard, 1978;

by an umﬁerthrust and an overthrust structural
rrigenous sediments of the subducting Juan de Fuca
an accretionary wedge on the lower continental slope

early offset and folds involve the most recently

ifferent ages and the overlying basins.

veral kilometers long with approximately 3 to

deposits exhibit migrating depocenters (i.€., in a
faults. Although large thrust earthquakes apparently

nsolidated sediments of the accretionary wedge

this zone from the seismic front, which is situated in

backstop (i.e., Eocene volcanics in the case of

nary wedge on the middle to outer shelf,

t both small and large scale sediment slumps are very
ation front. Large re-entrants in the SeaBeam

d slump scars with debris piles at their base in the side
slumps off Oregon. These sediment mass wasting
rated from seismic activity in the Cascadia subduction
ment slumps should identify the possible rupture zone
on and Washington.

in the accretionary wedges and on mud volcanos

on the adjacent abyssal plain in several different subduction zones of the world (e.g., Oregon, Japan,

Nankai, Kuril, Barbados, Peru). The pore fluids

gases are derived from the tectonic-induced
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Numerous expulsion zones are mapped off Oregon by the occurrence of chemosynthetic animal
communities of live clams and tube worms, authigenic carbonate deposits and chimneys, anomalous



concentrations of methane, helium, carbon dioxide and other gases (Kulm et al., 1986; Ritger et al.,
1987). The first measured total water flow rate, 188 liters/m2/day, in a subduction zone vent was
obtained off Oregon (Carson and Suess, 1989). Fluids and gases are advected upward through the
accretionary complex and mud volcanos to produce these seafloor manifestations. The chemical/isotopic
composition, temperature and fluid flux of venting pore fluids from the Cascadia convergence zone have
the potential to decipher the fluid sources, nature of fluid communication, and deformational history
between the subducting sediments of the Juan de Fuca plate and the accreted sediments of the North
American plate. The scientific community needs to formulate working hypotheses that relate the
hydrogeology of the world's convergence zones to their seismic characteristics and earthquake potential so
that field experiments can be conducted to test the hypotheses. The marine portion of the Cascadia
subduction zone is a prime candidate for long-term monitoring experiments.

Two structural/tectonic end-member models may be used to test the seismic versus aseismic nature of the
Cascadia subduction zone. If the convergence zone is extinct or locked for long periods of time (e.g., 103
to 100 years) the basin sediments of the accretionary complex would be draped over the static complex
with no faults propagating through the Holocene basin deposits. Fluid expulsion would probably cease
within the complex. If the convergence zone is active, it will display continuing deformation with faults
propagating upward into the Holocene deposits. Active fluid expulsion and large scale sediment slumps
also would characterize this complex.
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ENGINEERING CHARACTERIZATION OF STRONG GROUND MOTIONS
WITH APPLICATIONS TO THE PACIFIC NORTHWEST

By

Walter Silva, Robert| Darragh, and Ivan Wong
Woodward-Clyde Consultants
500 - 1Rth Street
Oakland, California 94607

An essential element in the seismic design of engineered structures is a
quantitative estimate of the characteristics of strong ground motion. Of
particular importance is a specification of the peak levels of ground
motion, as well as spectral content, as characterized by response spectra
or power spectral density. The spectral content is reasonably well defined
for shallow earthquakes occurring in|western North America with approximate
moment magnitude (M) 6-1/2. However, recent observations of strong ground
motions in different tectonic regimes have revealed significant differences
in the spectral content of earthquakes recoﬁded at rock sites. Ground
motions recorded in stable tectonic regimes|typical of eastern North
fmerica may have significantly highe frequéncy content and larger peak
values than corresponding motions typical of active regimes like western
North America (Boore and Atkinson, 1987; WCC, 1988; WCC, 1989).

A relatively new ground motion model which is extremely simple in concept,
called the Band-~Limited-White-Noise (BLWN) model combined with random
vibration theory (RVT) has been remankably successful in predicting peak
values as well as spectral ordinates |in difflerent tectonic regimes (Hanks
and McGuire, 1981; Boore, 1983; Boore and Atkinson, 1987). A recent study
by Woodward-Clyde Consultants (WCC) has employed the BLWN-RVT methodology
in an analysis of rock motions based jupon aﬁworld-wide data set of
earthquakes ranging from M 1.5 to 8.1 (WCC, 1989). This study has shown
that the controlling factors in the specification of strong ground motion
for engineering design are moment majnitude nd the rock properties
directly beneath the site extending to depths of approximately several
hundred meters to 2 km. Specifically|, the near-surface attenuation modeled
through the parameter kappa, exerts a predominate effect upon spectral
composition for frequencies beyond 5 to 10 Hz. Below that frequency range,
moment magnitude through corner frequency controls spectral shapes in the
BLWN-RVT ground motion model.

Of particular interest to seismic hazard in the Pacific Northwest, is the
possibility of a large Cascadia subduction zone earthquake (M > 8)
occurring beneath western Washington and Oregon. While the source
processes of such earthquakes may in detail, be different from intraplate
and non-subduction interplate events,|our analyses suggest that the simple
BLWN model accurately predicts the spectral content of such events for
engineering design. Four earthquakes| including the 1985 M 8.1 Michoacan
mainshock which occurred in the subduetion zone along the coast of western
Mexico and were recorded by the Guerrero strong motion network have been
modeled quite well for periods of 0.03 to 4 sec and at distances to the
rupture surface as close as 16 km (WCC, 1989). Thus for both interplate




RESULTS OF NUMERICAL MODELING STUDY

The numerical simulations of ground motion for large subduction zone
thrust earthquakes were obtained by the superposition of the motions from a
large number of subevents propagated to the site using ray theory. The
radiation from each subevent was obtained from a dynamic simulation of
faulting based on numerical solutions to propagating crack problems. The
model was tested by simulating ground motions from the 1983 Coalinga,
California earthquake sequence and from the 1985 Valparaiso, Chile and
Michoacan, Mexico M, 8 earthquakes (Day and Stevens, 1987). Figure 3
compares response spectra for the recorded and simulated ground motions for
the Chile and Mexico earthquakes. The main conclusions drawn from the
numerical modeling study are:

o Numerical modeling can adequately simulate near-field earthquake strong
ground motions in the frequency range of 0.2 to 10 Hz from large
subduction zone earthquakes.

o The rate of increase in ground motion amplitude with magnitude for
events > M, 8 is less than that observed empirically for events of
magnitude < M, 8 and is similar to that predicted by theoretical
relationships based on non-self-similar source spectra (e.g. Heaton and
Hartzell, 1988).

ATTENUATION RELATIONSHIPS

The results of the empirical and numerical analyses were combined to
develop ground motion attenuation relationships for rock and soil sites.
The relationships for peak acceleration on rock are:

In(a,,,)=19.16+1.045M,-4.7381n[R+205.5exp(0.0968M,) ]+0.54Z, for M, < 8
In(a,,,)=19.16+1.045M, -4.7381n[R+154 . 7exp(0.1323M,) ]40.54Z, for M, > 8

and the relationships for peak acceleration on soil are:

In(a,,,)=18.75+1.045M, -4 .5651n[R+162.5exp(0.1309M,) |+0.54Z, for M, < 8
In(a,,,)=18.75+1.045M, -4 .5651n[R+154 . 1exp(0.1375M,) ]40.54Z, for M, > 8

where R is closest distance to the rupture surface in km and a ,, is in g's.
The term Z, takes on the value 0 for interface events and 1 for intraslab
events. The standard error of In(a,,,) for both rock and soil sites is given
by the expression

c=1.55 - 0.125M, for M, =< 8, o=10.55 for M, > 8

Attenuation relationships were also developed for spectral velocity on rock
sites applicable in the distance range of 20 to 150 km. Median spectral
velocities, S,, are estimated by multiplying the median peak accelerations
obtained from the above relationships by values of the ratio S,/a,, given by
the following equations.
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for T = 0.1 sec 1n(S,/a,}) = 3.431

for T = 0.2 sec In(S,/a,,,) = 4.278 - 0.0026(10 -M,)?
for T = 0.3 sec 1n(S,/ap,) = 4.652 - 0.0044(10 -M,)>
for T = 0.5 sec In(S,/a,,) = 5.076 - 0.0101(10 -M,)?
for T = 1.0 sec In(S,/a,,) = 5.140 - 0.0145(10 -M,)?
for T = 2.0 sec In(S,/ ) = 4.960 - 0.0189(10 -M,)?

The comparison shown

in Figure 4 indicates|the above relationships give

similar estimates of near-field ground motion to those developed by Heaton

and Hartzell (1986). Examination o
field (20 to 30 km source-to-site

these relationships indicates near-

stances) high frequency ground motions

from great subduction zone thrust earthquakes are not expected to have
greatly different amplitudes than may resu Lt from large shallow crustal

earthquakes at similar distances.

PUGET SOUND GROUND MOTIONS

The above relationships were used to estimate ground motions in the

Puget Sound region resulting from postulat
Figure 5 presents a schematic east-west cr

Washington. Shown are the location

the postulated seismogenic plate interface.

5%-damped response spectra for largj
The distances from these zones to S
respectively. The comparison shown
in the Puget Sound region resulting
as those that occurred in 1949 and 1
resulting from postulated M, = 8 eve
de Fuca plate interface to the west.
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and intraplate earthquakes, the controlling factor in ground motions for
engineering design at rock sites again appears to be the rock
characteristics directly beneath the site, specifically the density, shear-
wave velocity and the quality factor Q or attenuation.

An additional advantage of the BLWN-RVT methodology is the ability to
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