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PREFACE

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

NEPEC, also referred to in this document as the Council, according to its
charter, is comprised of a Chairman, Vice Chairman, and from 8 to 12 other
members appointed by the Director of the USGS. The Chairman shall not be a
USGS employee, and at least one-half of the membership shall be other than
USGS employees.
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National Earthquake Prediction Evaluation Council
Minutes of the Meeting
April 2 & 3, 1987
Seattle, Washington

Council Members Present
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Dr. Craig Weaver, USGS

Mr. Donald 0. West, Golder Associates

Dr. LaVerne Kulm, Oregon State University
Dr. Charles Sammis, University of Southern California
Dr. Garry Rogers, Pacific Geoscience Centre

Chairman Sykes opened the meeting with a brief statement on the Council's
agenda for the past 2 1/2 years, its plans for the next year, and its
missions and responsibilities to the Director of the U.S. Geological Survey
(USGS). This meeting is to review the long~term earthquake potential of
the subduction zone off the coast of Washington and Oregon and to report to
the Director of the USGS on its findings.

Prior to the meeting, on April 1, Brian Atwater led a field trip to inspect
evidence for great Cascade earthquakes of Holocene age. This trip is
referenced in the report on the Council's Executive Session (pp. 14-17).
Council members Davies, Ellsworth, Thatcher, Wallace, and Wesson and
speakers Bartsch-Winkler, Heaton, Rogers, Weaver, and West participated in
the field trip.



Tom Heaton presented an overview of the Cascadia subduction zone. It has
long been recognized that the Pacific Northwest 1s a subduction zone with
an active spreading zone-off the West Coast and a spreading rate of
approximately 6 cm. per year, and convergence rates ranging from 2 cm. to
4 1/2 cm. per year. There are three subducting plates - the Gorda Plate,
the Juan de Fuca Plate, and the Explorer Plate. It appears that the Gorda
Plate is subducting, but there may be some change in the subduction rate
along the zone due to internal deformation within the Gorda plate. There
is also some evidence of complications with the Explorer Plate.
Nevertheless, it seems that the North America Plate is overriding the whole
system at about 2 cm. per year. The total length of the zone, including
all three plates, is about 1200 km. Large historic subduction earthquakes
haven't been observed in this region and the question remains, does that
mean that there never have been any large earthquakes or that we have not
waited long enough. A map. of the historic seismicity in the area shows
that all the transform faults are active and are moving at a rate
appropriate for the assumed plate motion. Heaton referred to the
subduction zone as unusual - there is no deep ocean trench, no large
gravity anomaly, no large mountain chain, and no subduction earthquakes.
Sometimes it is called an aseismic subduction zone. However, if it is an
aseismic subduction zone, it is not in the same sense or class as the
Marianas in that a young ocean floor is being subducted. 1In referring to
the region's seismicity, specifically a lack of large or intermediate
subduction earthquakes, Heaton questioned whether any other of the world's
subduction zones behaved similarly. From his analysis, Heaton concluded
that the subduction zones with M 8 earthquakes are moderately coupled with
fairly high rates of background seismicity, and aseismic subduction zones
have low but steady rates of seismicity. In contrast, the Washington-—
Oregon subduction zone has virtually no activity, even in the magnitude 5
to 6 range. Although he questioned applicability of San Andreas seismic
models to subduction zones, Heaton did note that those locked areas of the
San Andreas fault that did have great earthquakes, such as the 1906

San Francisco earthquake and the 1857 Ft. Tejon earthquake, have been
fairly well devoid of continuous seismic activity during the past several
decades.

Hiroo Kanamori presented a global perspective on plate motion and
seismicity. Noting that seismicity should correlate with several
parameters, Kanamori described several analyses of such a correlation. He
made two assumptions. First, the computed plate velocity is about the same
as the present plate velocity, and, second, the modified seismicity, Mw'
best represents the overall seismicity of the subduction zones. Some
positive correlation was found between convergence rate and the magnitude
of the largest earthquake in a subduction zone, although it wasn't very
satisfactory, suggesting that some other factor is responsible for the
generation of large earthquakes. A second plate parameter, the age of the
subducting plate, was discussed. The relationship between My' and the age,
T, of the subducting plate is negatively correlated, as was expected.
However, the large scatter suggests that plate age alone does not control
seismicity. 1In fact, individual parameters don't lead to a convincing
relationship. Next, Kanamori combined three parameters - T, velocity, and
My' - and found a considerably improved correlation. He concluded his
discussions by applying this analysis to the Juan de Fuca subduction zone
(see paper by Kanamori in this volume).
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Robert Crosson described the seismicity and structure of the Cascadia
subduction zone. His interpretation of refraction and deep reflection data
suggests a subducted slab dip of 16 degrees, in contrast to earlier
interpretations which placed the dip at about 10 degrees. A selected
subset of approximately 5,000 earthquakes was further analyzed. Of the
subset, all the earthquakes were intraplate and no earthquakes of any
appreciable size were located that could be identified with slip in the
subduction zone separating the Juan de Fuca and North America plates. This
suggests that the megathrust is between two distinct earthquake zones.
Analysis of cross sections and models of the slab's shape and strain
requirements indicate an upward arch to the slab in northwestern
Washington. Both the slab seismicity and adjacent coutineuntal seismicity
are concentrated at the slab arch suggesting a structural control for
earthquakes near the arch. The structure may be of major significance to
earthquake hazard estimation.

Craig Weaver discussed variations in volcanic vent and earthquake
distributions as evidence for segmentation of the Juan de Fuca plate. His
hypothesis is that recent dates of Holocene earthquakes should correlate
with volcanic arc segmentation. There is no evidence of Cascade volcanism
in the period from 10 to 16 million years ago. The volcanism of that
period is concentrated in southeastern Oregon and northwest Nevada and is
basically basaltic and associated rhyolites and is commonly interpreted as
the initiation of Basin and Range volcanism.  In the period of 5 to
10-million years ago, the vents, still predominantly basaltic, were
impinging on the modern position of the Cascade volcanic arc. In contrast,
though, in the past 5 million years volcanism in the Basin and Range of
southeastern Oregon ended; basaltic vents were concentrated along the
Brothers Fault Zone, thought to be the northern boundary of the Basin and
Range in Oregon. In this same period there was a long, linear distribution
of andesitic vents from Mt. Hood down through Oregon, a councentration of
basaltic vents in the Mt. Shasta-Medicine Lake region as well as a
concentration at Lassen Peak. In the northern section the andesitic
boundary seems to have stepped to the west, and in the south the andesites
have been slowly contracting. The spread of the vents in the southwest
Washington/Oregon portion of the Cascades comes from the basaltic vents.
There are few basaltic vents south of Newberry Crater and the distribution
begins to change near the California-Oregon border where there is a heavy
concentration of basaltic vents. Weaver then made some speculations on the
relation between the volcanic arc segmentation and the known structural
elements of the Juan de Fuca Plate. If there is any relationship between
the shallow geometry of the Juan de Fuca Plate and the volcanic arc
segmentation, Weaver and his colleagues expect to see five segments to the
shallow subduction zone. He suggested that this segmentation would define
the lateral extent of great subduction zone earthquakes on the Juan de Fuca
and North American Plate interface.

Garry Rogers reviewed the tectonics of Northwest United States and
Southwest Canada and commented on the seismic potential of the area. Many
of the features of the Cascade seismic zone, such as volcanoes, continue
from the United States into Canada. Other features, both offshore and
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onshore, stop at the U.S.-Canadian border. One obvious change at the
border is the change in direction of the plate boundary. To understand the
zone, however, one must treat the boundary in its entirety. The change in
subduction zone direction accomplishes two things: 1) It requires that the
plate has some kind of folded or buckled structure near the change in
strike. 2) It changes an oblique subduction scheme to a direct
(perpendicular) subduction zone with almost no oblique component. There
are four obvious segments along the zone = the Juan de Fuca segment, the
Gorda segment, the Explorer segment, and the Winowna Block. The Explorer
segment is defined mainly on the basis of magnetic anomalies and
seismicity. Rogers infers from the seismicity analyses that the Explorer
segment is being deformed much like the Gorda plate and that the inference
of rapid Explorer-North America plate interaction based on rigid plate
analysis probably is not valid. Results of a 10-year geodetic study show
contraction in the direction of plate convergence along southern Vancouver
Island. Also, relative uplift rates and strain appear to have changed in
the region of the 1946 Vancouver Island earthquake. And, there is some
evidence of seaward tilting in central Vancouver Island. There is evidence
of uplift along the coast of Vancouver Island, and inland there are some
examples of down—-drop. Considering the area that could rupture and the
area to moment magnitude relationship, the seismic potential is sizeable
and the analysis of repeat times yields recurrence intervals on the order
of 400 years, depending on an estimated factor. If this factor is smaller,
repeat times would be longer.

Verne Kulm's presentation was on the initial deformation front along the
Oregon-Washington subduction zone. Kulm described analyses of abundant
turbidites on the Juan de Fuca plate that consistently gave repeat times of
about 400 years. He noted, however, that there is no basis for using these
data to indicate repeat times for large earthquakes on the Oregon—
Washington continental margin. Kulm next discussed fold, fault, and fluid
structures and mud volcanoes on the sea floor. He postulated that these
features are evidence of nuclear plate movement. Seafloor mapping and
seismic reflection surveys reveal an 18-km.-long sediment ridge on the
Nitinat Fan dipping toward the oceanic plate and prominant faults and folds
striking perpendicular to the convergence direction of the Juan de Fuca
plate and oblique to the initial deformation front of the accretionary
prism. Further, mud volcanoes are associated with these faults. The
rapidly deposited fan sediments and mud volcanoes suggest overpressured
abyssal and fan sediments. The lower continental slope has both seaward
and landward verging sedimentary ridges of heights up to 1,000 meters above
the abyssal plain. The landward verging sequences are in the upper portion
of the scraped-off deposits and may represent thin skin overthrusting.
About half of the layered sediments are carried beneath the accretionary
prism and half are forming the youngest part of the prism. In response to
subduction induced compression, the overlying sediments are also faulted
and folded. Offsets on the order of several meters can be seen. Active
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fluid venting sites exist on a Pleistocene marginal ridge and a Pliocene
ridge off the coast of central Oregon. Communities of white clams and
worms and concentrations of authigenic carbonates occur along the crest of
the marginal ridge. And very high concentrations of methane at the vent
sites indicate pore fluids derived from the accretionary complex. Similar
communities of clams were found atop a mud volcano off the coast of central
Oregon indicating active fluid venting. Carbonate chimneys recently
dragged from the sea floor on the OQuter Continental Shelf at Cape Falcon
suggest fluid venting in the oldest and youngest portions of the
accretionary prism. Although the Cascadia subduction zone has many
features and processes similar to Circum~Pacific subduction zones, neither
the relationship between them and coupling or decoupling of the Juan"

de Fuca and North American plates nor how they can be used to estimate
seismic potential has been determined.

Susan Bartsch-Winkler reported on Holocene subsidence deposits and Alaskan
earthquakes. She noted three prevailing conditions favorable to post
earthquake sedimentation in the Cook Inlet: 1) abundant earthquakes;

2) plenty of readily transportable sediment; and 3) a dynamic tidal regime
to provide the energy for rapid sediment deposition. These factors provide
an instantaneous sedimentological picture of the effects of subsidence
after a major earthquake. Bartsch~Winkler paid particular attention to
sedimentation changes after the 1964 Great Alaskan Earthquake. Regional
uplift and regional as well as local subsidence caused by the earthquake
affected intertidal and near—-tidal sediment in southcentral Alaska and
initiated intertidal aggredation in Upper Cook Inlet. From 1964 to 1974
about 22 x 100 cubic meters of Placer River Silt, the post-earthquake
intertidal deposit, were deposited over 18 square km. at the head of the
Portage Arm. Bartsch-Winkler cited earlier reports indicating that organic
layers were present at various shore lines in south Alaska and attributable
to relative sea level changes. Searches for evidence of recurrent
earthquakes in Upper Cook Inlet were begun by looking for peat layers
interbedded with intertidal silt. The hypothesis that earthquake related
events occurred throughout the late Holocene is being tested by radiocarbon
dating of these layers. Additional evidence, however, includes sequences
of contorted and undisturbed beds, anomalous sand layers atop peat layers,
sand blows, and rapid changes in the base level of stratigraphic sections.

Brian Atwater discussed his work on rapid coastal-lowland subsidence as
evidence of great Holocene earthquakes in the Cascadia subduction zone.
Atwater described the stratigraphy and results of radiocarbon dating of
plant remains from four episodes of inferred rapid coastal subsidence in
southwest Washington. His results suggest rapid subsidence at about 300,
1700, 2700, and 3000-3400 years ago, times of great earthquakes in the
region. Studies in northwest Washington suggests an age of about 1000
sidereal years ago for the most recent episode of coast subsidence near
Neah Bay.
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Charles Sammis discussed fault zone rheological considerations in the

area. He noted that the Juan de Fuca plate being subducted is particularly
young and fairly unique in that it is covered by thick sediments. 1In
addition to having a high volume of sediment, it is unique in that the
sediment exists all the way out to the Juan de Fuca ridge. This is
important because the sediment shuts off hydrothermal circulation and puts
the plate in a conductive cooling regime. Based on considerations of
possible ages of the plate and thermal models, Sammis hypothesized that the
plate is so young that it is not in a stick—-slip earthquake regime but may
be in a stable-sliding regime. Sammis considered several other factors -
fluid pressure, age of the subducting plate, strain rate, and ductility -
on whether the plate is in a stick-slip or stable-sliding regime. The only
factor that would suggest that the plate boundary is in a stieck—-slip regime
is gystems stiffness. He concludes: 1) that the Juan de Fuca plate is
thermally unique; with a thick cover of sediment extending out to the ridge
that cools through its history in a conductive regime; 2) from a
stick-slip/stable-sliding point of view it is not obvious that
stable-sliding ecould be accomplished.

Kevin Coppersmith presented the results of an experts study on the
probability of exceeding design seismicity at a site in western

Washington. The purpose of the study was to represent the range of
scientific opinion on the issue. Coppersmith emphasized the study's
methodology and not the preliminary results. The uncertainties associated
with the probability estimates concern the seismogenic potential of major
tectonic elements in the subduction zone. The seismic sources of interest
are those associated with the plate interface itself and those earthquakes
that can occur within the oceanic slab. The experts were questioned on the
crustal geometry, potential seismie sources, probability of activity and
tectonically significant earthquakes, location of rupture, maximum
magnitudes, conversion rates, seismic coupling, recurrence of earthquakes,
and earthquake distribution. Some of the expert assessments of the factors
were discussed and the results briefly summarized. The favored crustal
geometry places the hypocenters of recorded earthquakes near the upper part
of the downgoing oceanic slab. Many of the experts felt that the interface
is not segmented. There was no consensus on the probability of activity.
Favored convergence rates are on the order of 30-40 mm. per year. The
maximum magnitudes, when given, were in the range of M > 7.5 for interslab
earthquakes to M > 8.5. Nearly all experts answered questions regarding
coupling but the answers exhibited a very broad distribution of estimates.

Jim Savage presented results of geodetic deformation measurements made in
Washington and British Columbia. Savage reported that the measurements of
a geodetic network near Seattle in 1981 indicated compression in the
direction of plate convergence and suggested that this can be attributed
to strain across the Cascadia subduction zone. This interpretation was
tested further at several sites and confirmed that the direction of
greatest compression was east northeast on the order of 0.1 microstrain
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per year. Savage cited work by others on vertical deformation based on
leveling and tide gauge records. It appears that the Seattle and Puget
Sound region is subsiding where the Pacific coast of Washington is being
raised. More recent work presents a somewhat more complicated picture.
The entire coast along the Cascadia subduction zone may not have been
uplifted; in particular, coastal uplift may not have occurred along the
Pacific coast at Vancouver Island and central Washington. Based on strain
accumulation rates in other areas of subduction, Savage argued that the
observed accumulated strain is elastic. Savage further argues that the
strain accumulation measurement gives strong evidence that major megathrust
earthquakes will eventually occur along the Cascadia subduction zone.

Don West discussed the geology of Pleistocene raised marine terraces along
the Pacific northwest coastline. West's presentation emphasized the uplift
observed along the Oregon-Washington coastline. The presentation began
with a discussion of the coastal deformation associated with other
geismically active subduction zones. Next, West attempted to characterize
long—-term uplift in these other subduction zones and then to compare the
long—term deformation of the Cascadia subduction zone to determine its
seismic potential. West noted from a study of 14 earthquakes along nine
subduction zones, that as earthquake magnitude increases so does the length
of the deformation zone. And, there is a weak relationship of increasing
vertical deformation with increased magnitude. Further, the distance from
the trench at which vertical coastline deformation occurs is roughly
related to earthquake magnitude; more specifically, he noted that for M >
8.0 coseismic subsidence generally does not occur closer than about 110 to
" 120 km. from the trench and coseismic uplift no further than 150 km. from
the trench. From his reviews of coseismic and long-term vertical
deformation of coastlines at near plate boundaries, West suggested that
virtually all of the Oregon coast is in a zone of expected coseismic and
long—-term uplift and that the Washington coast could experience either
uplift or subsidence. Further, apparent differences with other subduction
zones, particularly the lack of Holocene terraces and low overall rate of
late Quaternary uplift, suggest a significantly longer recurrence time for
large magnitude thrust events. (See paper by West in this volume.)

EXECUTIVE SESSION, APRIL 3, 1987

Sykes presented the following agenda. First, a review of yesterday's
meeting to be followed by discussions of the Parkfield experiment, southern
California strategy, the Keilis=Borok earthquake prediction, and last,
discussion of future Council meetings.

Review of Meeting — Subduction Earthquakes in the Pacific Northwest

Sykes asked each member to give his assessment of the meeting, particularly
his opinion on whether the subduction zone moves aseismically or in great
earthquakes; and whether the work performed to date 1is adequate.

Davies strongest impressions were of the field trip led by Brian Atwater

and the argument that the buried peat horizons can be explained easiest by
earthquake activity. The burden of proof, however, falls to those arguing.
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against subduction—type earthquakes to explain the occurrence of the
sequences of peat layers. He suggests the possibility of large earthquakes
with recurrence intervals of 500-800 years. He also feels that the
questions raised yesterday regarding heat flow and mechanics are important
and need to be resolved.

Ellsworth's impressions are also largely driven by the field trip. He
noted that Brian Atwater has found these features over a large area, up and
down the coasts of Washington and Oregon. Further, it is obvious that we
are at an early stage of determining what these features mean, although the
large earthquake hypothesis 1is most likely.. He feels that the meeting
reaffirmed the USGS decision to shift more of its regional hazards
assessment work (element III in the National Earthquake Hazards Reduction
Program) to the Pacific Northwest. He feels that the chances of large
earthquakes are high, with recurrence intervals on the order of 1000 years.

Dieterich added that arguments can be made on both sides of the issue -
seismic slip or aseismic subsidence. The strain accumulation data
presented by Savage causes him to lean strongly toward the seismic—-slip
hypothesis. He noted that there are many opportunities for expanded
geological investigations. The argument for aseismic slip, in his opinion,
hinges on the uniqueness of this plate and subduction zone. Dieterich
appreciated the approach and analysis of Sammis regarding thermal arguments
but offers a different conclusion. He believes that to follow the analysis
of stiffness controlling instability requires experimental data that aren't
available and what is available is contradictory.

Kanamori feels that the evidence for large seismic events in the past is
very good, but our knowledge of the past 50 years is very limited and maybe
they represent very unusual events. He emphasized the need for basic
research to resolve this problem and noted that the discussions were a very
good example of the integration of basic research from different
disciplines = rheology, seismology, subduction zone studies -~ into a
focussed study. He did find Savage's strain data analysis to be strong but
noted that alternative interpretations do exist. Kanamori is still puzzled
by both the absence of earthquakes of magnitude > 6 or 6.5 for the past 50
years and the unique combination of a young sea floor and thick sediments
and therefore still is undecided regarding seismic subduction.

Sachs is impressed by the absence of thrust earthquakes in the region and
feels that this region must be unusual in some manner. He noted that it is
somewhat younger than other regions, it has high heat flows, thick
sediments, and ongoing subduction, but that this does not necessarily mean
that there will be seismic release. He finds Brain Atwater's work
important in that his observations do indicate uplift, but it may be over
periods of years, which could be interpreted as slow uplift, rather than
the instantaneous uplift associated with earthquakes.

Filson is still skeptical about the subduction zone generating large
earthquakes. He was impressed by Vern Kulm's presentation of underwater
scans of accretionary wedges as direct evidence of plate convergence. He
also found Savage's data on elastic strain accumulation in the continental
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plate very good but agrees with Sachs that we don't know whether that
argues for slow strain release or an earthquake with instantaneous release
of strain. He also feels that those arguing for the potential for large
subduction earthquakes have to both address Sammis' questions, and explain
the absence of Holocene terraces. He also offered that the turbidity
currents and undersea landslides could occur regularly due to sediment
loading and do not require a seismic genesis.

McEvilly added that the accumulation of evidence - seismic, strain, and
oceanographic - speaks convincingly in favor of plate convergence, but the
anomalous seismic behavior is not that of a region capable of large
earthquakes.

Thatcher believes that Atwater's data are critical to all of the arguments
on this topic. Therefore, this issue needs more attention by people
experienced in this type of research. The important issues remaining to be
resolved include; if the subduction is seismic, how frequently does it
occur and what are the characteristics of the source regions. He noted
that whether the zone ruptures in a series of earthquakes of M 7.5, as in
the southern part of the Japan Trough, or as a single earthquake of M 9 or
greater is very important from the standpoint of hazards. Thatcher favors
the former.

Wallace is impressed by the suggestion of seismogenic subduction provided
by the series of sudden subsidence events described by Brian Atwater and
shown to the Council on a field trip. He is also intrigued by Savage's
strain data which is consistent with convergence, but he wonders if it is
too small a sample from which to base a model. More evidence of sudden
prehistoric uplift and subsidence should be sought in the geologic record,
and more precise dating of known young displacements in the seabed should
be pursued.

Sykes believes that a lot more work needs to be done on the Quaternary
geology of the region. He is evenly split on the debate between the
aseismic hypothesis versus seismogenic hypothesis. He feels, though, that
the chances that the zone will rupture in a truly great earthquake, M 9, is
remote and that more work is needed to define the zone of coupling. Sykes
believes that the coupled zone would not extend far to sea and that the
crucial area to look at is essentially from the coastline to about Puget
Sound, i.e., the plate boundary beneath the Olympics. He is uncomfortable
about extrapolating from other regions using the Ruff and Kanamori idea of
coupling. The presence of large amounts of young, highly porous sediments
may promote a seismic slip along a greater part of the plate boundary in a
downdip direction.

Wesson sees good agreement on plate convergence and subduction. He is
impressed with Atwater's work but, noting three competing factors, feels
that good research is needed on the fundamental Quaternary geology of the
coastline. The first factor is eustatic sea level changes, the second is
70,00 year—old elevated terraces, and the third factor is episodes of
submergence.
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Thatcher stressed that Savage was measuring evidence of elastic coupling
across the interface of the Juan de Fuca and the North America plates. The
unresolved issue is the intensity of the coupling. In other words, is
alpha equal to 1 or 0.1? The crucial point, as noted by Dieterich, is that
the contraction may represent inelastic deformation rather than elastic
strain accumulation. Ellsworth, noting the seismicity patterns of sections
of the San Andreas Fault, cautioned against assuming that because there
have been few earthquakes the area is not capable of large earthquakes.

Parkfield, California

Based on the Council's recommendations of November 1986, the USGS revised
the open-file report "Parkfield Earthquake Prediction Scenarios and
Response Plans.” Additional features of the report include a list and the
coordinates of all the instruments in the field and sample warning
messages.

Filson reported that the USGS participated in a California Office of
Emergency Services tabletop exercise and field trip on the public service
response to the issuance of a short-term prediction for Parkfield.

Filson also reported that during the first week of February an unambiguous
strain change clearly preceded a M 2.7 earthquake at Parkfield and
constituted a level C alert. Specifically, on February 1, there was a
minor earthquake, M 1.5, in the Middle Mountain alert zone. A few hours
later there was a 10 cm. drop in a water well above the Middle Mountain
zone. Later that day there was a 0.2 mm. right-lateral creep event at the
Middle Mountain creep meter and then later in the day other minor
earthquakes occurred. Early the next morning the M 2.7 earthquake
occurred. These events indicate that the Parkfield recording system is in
place and successfully recorded some kind of premonitory event on separate
instruments, which is the intent of the experiment.

Wallace reported on a field review of the geomorphic interpretations of
Sieh and Jahns, which led to the interpretation that the predicted
Parkfield M 6 earthquake might instead be, or might be followed closely
by, a larger, M 7, earthquake. Although the geomorphic features clearly
record strike slip on the fault, the amount and timing of individual
prehistoric slip events is uncertain; even the amount of slip that seems
likely to have acompanied the great 1857 earthquake. The postulated M 7
earthquake is considered possible, based on general rates and distribution
of strain, but the geomorphic evidence neither strongly supports the M 7
theory nor rules it out. A report by the review team, including Sieh, was
distributed to the panel, and recommends: 1) a study of long-term slip
rate based on geologic and geomorphic evidence, 2) trenching of selected
sites, 3) further detailed study of offsets of a few gulches. The Council
suggested that of the three, additional trenching might be most productive.

Thatcher and Davis both reported that the Parkfield response plan is
working well. Ellsworth reported that the open—file document has been
extremely useful; it has helped to focus attention on the details of the
system, increased the ability to accurately and efficiently communicate
with the State of California, and helped to debug the system. Thatcher
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noted that despite some initial reservations about designing response plans
without more data on the region, this method has been working, is
essentially being conducted in areas such as Tokai, Japan, and could be
adopted wherever researchers are monitoring instrumented areas, such as in
Southern California.

Southern California Strategy

Sykes reviewed the Council's deliberations on Southern California. The
Council's letter of May 9, 1986, to the Director, USGS, summarized its
review of its first 2 years of meetings on California and Alaska. As
suggested in the last two meetings, Sykes discussed their findings and
recommendations for intensified studies at briefings for the National
Academy of Sciences subcommittee that is advisory to the USGS. At a
meeting with Frank Press, the head of the National Academy of Sciences,
Sykes and Kisslinger discussed the widely quoted estimate, in FEMA and
other documents, that there is about a 50 percent chance of a large and
damaging earthquake in Southern California within the next 30 years.

Frank Press recommended that NEPEC officially review that forecast, and
depending on that review, he would consider asking the National Academy of
Sciences to consider the situation further. The National Academy of
Sciences subsequently sent a letter to the Chief Geologist of the USGS
suggesting a review of Southern California earthquakes. -Sykes then met
with USGS officials on March 24, 1987, with an agenda similar to the
National Academy of Sciences meeting. At this meeting Sykes noted the
difficulty in tracing the scientific evidence for this prediction and that
- more recent field work suggests a need to review the original probability
statement. He suggested to the USGS that a working group be establised to
derive one or more probability maps and to prepare a report for NEPEC's
review.

Dieterich likes the idea of convening a working group on this topic.
Kanamori's principal question is what methodology will be used in a
probabilistic approach, particularly in light of the small amount of data.
He asked whether it would be prudent to have a group consider the
implications of this probabilistitic methodology. Ellsworth pointed out
that there is a distinction between risk analysis for specific fault
segments and risk for a large region, e.g., the Los Angeles basin.
Therefore, it is important to decide what the working group should do -
either focus on a few segments of the San Andreas and address the problem
of a large to great or to address the Los Angeles Basin hazard issue and
develop some probabilistic estimate of what may happen in the next 30
years. He feels that the latter is the more important aspect of the
issue. The Council discussed whether it could or should assess the risk
for various magnitude earthquakes associated with particular faults, both
associated with and distinct from the San Andreas.

The Council also discussed some of the published probability estimates and
methods used for the Southern California region. The Council agreed to
form a working group to respond to the charge by the Director of the USGS



to assess by the end of the year the likelihood of a great earthquake in
the Southern California region during the next few decades. Further, the
working group would develop a short document on the consensus and
divergence of opinion on these issues for the Council's review. The
Council also agreed to ask the working group to consider M 7.5 or greater
earthquakes, and, to the extent possible, also consider the likelihood of
smaller events, that could have major consequences. Delivery of the draft
report will be requested for October 1987.

Future Meetings

The Council decided not to meet until the October 1987 Southern California
earthquake data review.

Keilis—-Borok Prediction

Sykes briefed the Council on how the Keilis-Borok prediction of a large
earthquake in California came to the Council's attention by way of a letter
from Leon Knopoff. Knopoff was on sabatical in England and promised to
send further information regarding the prediction to Sykes.

Filson and several other Council members viewed this prediction as basic
research, as opposed to an operational prediction capability. The Council
noted its interest in this line of research but is concerned about the very
large area involved in the prediction. It did conclude, however, that the
present data and documentation were not specific enough to permit a useful
review by the Council.

The Council was of the opinion that further consideration could be delayed
until fall 1987 when a Soviet delegation is expected to be in the

United States for discussions of the bilateral earthquake program. The
Keilis-Borok prediction would be included in the agencda and NEPEC members
invited to attend that presentation.

Sykes will send a letter to Knofpoff expressing the Council's views.
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SEISMIC POTENTIAL ASSOCIATED WITH SUBDUCTION IN THE
NORTHWESTERN UNITED STATES

By THoMAS H. HEATON AND HIROO KANAMORI

s ABSTRACT

Despite good evidence of present-day convergence of the Juan de Fuca and
North American plates, there has been remarkabily little historical seismic activity
along the shallow part of the Juan de Fuca subduction zone. Although we cannot
completely rule out the possibility that the plate motion is being accommodated
by aseismic creep, we find that the Juan de Fuca subduction zone shares many
features with other subduction zones that have experienced great earthquakes.

INTRODUCTION

In this paper, we compare the mode of subduction of the Juan de Fuca plate
beneath the North American plate with that of other subduction zones. We show
that the Juan de Fuca subduction zone shares many features with other subduction
zones that experience great earthquakes, while several features indicative of aseismic
subduction are absent. General reviews of characteristics of the subduction process
are given by Kanamori (1977a), Uyeda and Kanamori (1979), Ruff and Kanamori
(1980), and Lay et al. (1982). They demonstrate the existence of striking correlations
between the nature of seismic energy release and the physical characteristics of
subduction zones. In general, they find that total seismic energy release rates are
highest along subduction zones where young oceanic crust is subducted rapidly.
They interpret this result to be a systematic variation in seismic coupling which is
related to buoyancy of the subducted lithosphere.

We begin by summarizing the results of the studies mentioned above. We then
discuss the physical characteristics of the Juan de Fuca subduction zone, describe
some of the similarities between it and other subduction zones, and make some
inferences about the expected seismic potential of the area.

SEISMIC COUPLING AND EARTHQUAKE SIZE

Kanamori (1977a) points out that the seismic energy release rate along subduction
zones is not a simple linear function of convergence rates. Ruff and Kanamori
(1980) show that the seismic energy release rate is closely related to the size of the
maximum observed earthquake along any subduction zone. That is, the cumulative
energy release from small events is usually negligible compared to the energy
released by the largest events in a region. Kanamori (1977b) shows that, on a world-
wide basis, the cumulative seismic energy release rate is closely related to the
occurrence of very large earthquakes. It follows that the seismic energy release rate
along individual subduction zones is closely related to the size of the maximum
earthquake observed along that zone. In general, shallow low-angle thrust events
are the dominant factor in determining seismic energy release rates.

Kanamori (1977a) concludes that variations in the seismic energy release rates
(i.e., size of maximum earthquake) for differing subduction zones are caused by
differences in seismic coupling. Strong seismic coupling implies that slip occurs
only during earthquakes, whereas weak seismic coupling implies that slip occurs
mainly in the form of aseismic creep.
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SEIsMIC COUPLING AND SUBDUCTION ZONES

We now summarize the results of Kanamori (1977a), Uyeda and Kanamori (1979),
Ruff and Kanamori (1980), and Lay et al. (1982), who correlated physical charac-
teristics of the subduction process with the maximum earthquake size for most of
the major subduction zones. As was just discussed, this correlation is interpreted in
terms of seismic coupling, which is related to the buoyancy of the subducted
lithosphere. The following features seem well correlated with observed maximum
earthquake size.

-Convergence rate and age of subducted lithosphere. In Figure 1, we show the
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F1G. 1. Relation of maximum energy magnitude, M,, to convergence rate and age of subducted
lithosphere for major subduction zones. The contours of M, are the predicted maximum earthquake
magnitudes resulting from linear regression of observed maximum earthquake magnitude against the
other two variables. Dots and circles are subduction zones with and without active back-arc basins,
respectively (modified from Ruff and Kanamori, 1980).

relation between the maximum observed energy magnitude, M,., and the conver-
gence rate and age of subducted lithosphere for the major subduction zones. Ruff
and Kanamori (1980) performed a linear regression of convergence rate and lith-
ospheric age against the maximum observed moment magnitude, and the solid
diagonal lines represent the best linear least-squares fit. It is clear that the maximum
observed earthquake size increases with increasing convergence rate and decreasing
lithospheric age. In Figure 2, we show this same correlation. In this figure, however,
the observed maximum energy magnitude is plotted against the energy magnitude
predicted from the regression analysis and convergence rate and lithospheric age.
Ruff and Kanamori’s analysis indicates that the maximum energy magnitude is
well fit by the following relationship.

M, = —0.00889T + 0.134V + 7.96, (1)
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where T is the age of the subducting plate in millions of years, V is the convergence
rate in centimeters/year, and the standard deviation of the observed M, around the
predicted value is 0.4. -

Presence of active back-arc basins. In Figures 1 and 2, subduction zones with and
without active back-arc basins are plotted as dots and circles, respectively. Subduc-
tion zones without active back-arc basins are clearly associated with the occurrence
of large shallow subduction earthquakes. Thus, the absence of an active back-arc
basins seems to be a good indication of relatively strong seismic coupling.

Depth of seismicity. Ruff and Kanamori (1980) show a good inverse correlation
between the maximum depth of observed seismicity and the age of the subducted
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F1G. 2. Maximum observed energy magnitudes plotted against maximum energy magnitudes predicted
from regression analysis shown in Figure 1. T is the age of the subducted plate in million years, and V
is the convergence rate in centimeters/year. Dots anﬁ circles are subduction zones with and without
active back-arc basins (modified from Kanamori, 1983).

plate, but the corresponding correlation between depth of seismicity and conver-
gence rate is poor. Consequently, there is a weak correlation between the maximum
depth of seismicity and the maximum observed earthquake size. However, 3 of the
4 subduction zones that have produced earthquakes of M, 2 9.0 have maximum
depths of seismicity of less than 200 km.

Depth of oceanic trench. Uyeda and Kanamori (1979) suggest that strongly coupled
subduction zones are accompanied by shallow oceanic trenches, whereas weakly
coupled subduction zones are accompanied by very deep oceanic trenches. Similarly,
they conclude that free-air gravity anomalies tend to be larger for those trenches
with weak seismic coupling.

Dip of Benioff-Wadati zone. Uyeda and Kanamori (1979) conclude that strong
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seismic coupling is usually associated with subduction zones having relatively gently
dipping Benioff-Wadati zones. The uppermost part of strongly coupled subduction
zones generally dips between 10° and 20°. They also conclude that strongly coupled
subduction zones are characterized by the presence of well-developed fore-arc basins,
which are believed to be accretionary prisms of sediments that develop on the
landward wall of trenches. Furthermore, they note that this style of subduction is
often accompanied by crustal uplift and compression in the overriding plate. These
features are schematically shown in Figure 3.

Chilean -type

FiG. 3. Diagrams showing characteristics of strongly coupled (Chilean type) and weakly coupled
(Mariana type) subduction zones (modified from Uyeda and Kanamori, 1979).

Topography of the subducted slab. Kelleher and McCann (1977) and Lay et al.
(1982) both note that very large subduction earthquakes are more likely to occur in
regions where the subducted plate has smooth topography. That is, the subduction
of plates with transforms, ridges, or numerous seamounts is rarely associated with
great earthquakes. Lay et al. (1982) suggest that the subduction of irregular topog-
raphy results in heterogeneous strength distributions along the subduction zone
and thereby inhibits the occurrence of earthquakes of large dimension.

Seismic quiescence. Although weakly coupled subduction zones may display a
total absence of major earthquakes, they still have relatively high seismic activity
at small magnitudes. Benioff-Wadati zones capable of truly great earthquakes,
however, often show significant periods of extremely low seismicity (Lay et al.,
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1982). This pattern may be somewhat analogous to the seismicity observed along
the San Andreas fault in California. The central creeping portion of the fault is
characterized by relatively high seismicity, but no large earthquakes. However, the
portions of the fault that are capable of great earthquakes (1857 and 1906 breaks)
are almost devoid of present-day seismicity.

THE JUAN DE Fuca SUBDUCTION ZONE

We have seen that there are systematic differences between subduction zones
that are capable of great earthquakes and those that are not. The Juan de Fuca
subduction zone has been ignored in the studies that established these differences.
The Juan de Fuca subduction zone has been considered somewhat anomalous
because there has been virtually no shallow thrust seismicity of the type we usually
associate with active subduction zones. There are several possible explanations for
this low level of seismicity: (1) the North American and Juan de Fuca plates are no
longer converging; (2) the plates are converging but slip is accommodated aseismi-
cally; and (3) the northwestern United States is a major seismic gap that is locked
and presently seismically quiescent, but that will fail in great earthquakes in the
future. Each of these possibilities is discussed below.

Present-day convergence. The geometry of important plate boundaries and the
seismicity in the Pacific Northwest are shown in Figure 4. Delaney et al. (1981)
note that there appears to be 43 km of new oceanic crust formed on the Juan de
Fuca ridge since the 700,000-yr-old Brunhes-Matuyama magnetic reversal, yielding
a half-spreading-rate of about 3 cm/yr. The fact that the oldest crust found in the
Juan de Fuca plate is on the order of 10 m.y. old (Atwater, 1970) indicates that
subduction has occurred in the past. The average convergence rate for the past 5
m.y. has been estimated from magnetic reversal data to be 3.5 cm/yr by Riddihough
(1977), 4.2 cm/yr by Chase et al. (1975), and 3.0 cm/yr by Nishimura et al. (1984).

Hyndman and Weichert (1983) show that historic seismicity can account for slip
rates expected from magnetic reversal data on all plate boundaries between the
Pacific plate and the North American plate except on the Juan de Fuca subduction
zone. Furthermore, it seems difficult to concoct a model of plate motions which has
3.5 cm/yr slip rates on faults both north and south of the Juan de Fuca subduction
zone, but with no convergence on the subduction zone itself. It thus appears that
presently available evidence supports present-day plate convergence of 3 to 4 cm/
yr across the Juan de Fuca subduction zone.

Physical features of the Juan de Fuca subduction zone and seismic coupling. The
subducted part of the Juan de Fuca plate appears to be very young, probably between
10 and 15 m.y. old. We earlier said that subduction of young oceanic crust usually
is associated with strong coupling. The subduction rate, 3 to 4 ¢m/yr, however, is
not particularly high, and this rate does not in itself indicate particularly strong
coupling. If we insert these values into equation (1), then we predict a maximum
moment magnitude of 8.3 = .5. This high value is supported by inspecting Figure 1.
We see that strong coupling is associated with every subduction zone where the
subducted plate is less than 40 m.y. old. The notion of strong seismic coupling along
the Juan de Fuca subduction zone is further supported by the fact that there is
clearly no active back-arc basin in the northwestern United States.

A cross section of seismicity in the Puget Sound region is shown in Figure 5.
Although a clear Benioff-Wadati zone can be seen, seismicity deeper than 100 km
has not been observed. The dip of the Benioff-Wadati zone, as defined by the axis
of the trench and the pattern of seismicity beneath Puget Sound, is between 10°
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and 15°. Both of these features are characteristic of subduction zones with strong
seismic coupling.

The oceanic trench off the coast of the Pacific Northwest is topographically a
relatively subtle feature. Free-air gravity anomalies over the trench are also small
compared to most other subduction-zone trenches (Riddihough, 1979) and much of
the trench appears to be buried under a thick wedge of sediment (Scholl, 1974).
Furthermore, the Juan de Fuca plate is topographically characterized as a smooth,
featureless plain. All of these features further corroborate the interpretation that
the Juan de Fuca subduction zone is strongly coupled and capable of large, shallow,
thrust earthquakes.

One of the most striking features of the Juan de Fuca subduction zone is its
present-day very low level of seismicity. There have been moderate events at depths
of about 60 km under the Puget Sound in 1949 (M 7.2) and 1965 (M 6.5). However,
these events appear to be on high-angle normal faults that occur within the
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F1G. 5. Cross-section of seismic activity in the Puget Sound region from 1970 through 1978 (see
Flgute 4 for location of A — A’). Earthquakes with epicenters whose perpendicular distances from A —
A’ is less than 150 km are included (modified from Crosson, 1980).

subducted slab (Wickens and Hodgson, 1967; Langston and Blum, 1977). The
shallowest parts of the subduction zone are presently quiescent with respect to
earthquakes of magnitude 4 or greater, and there is no historical record of a large
shallow thrust earthquake anywhere along the subduction zone within the past 150
yr (Washington Public Power Supply System, 1983). This 500-km gap in seismic
activity is one of the most remarkable to be found anywhere in the circum-Pacific
seismic belt. As we noted earlier, the best examples of seismically quiescent plate
boundaries are ones that have experienced great earthquakes but that could be
considered as otherwise locked. If slip is occurring aseismically on the shallow part
of the subduction zone, then this particular example would have to be considered
unique.

Ando and Balazs (1979) discuss crustal uplift in the Pacific Northwest as inferred
from leveling surveys in the period 1904 to 1974. They interpret crustal-uplift rates
of about 2 mm/yr within 50 km of the coastline as being due to aseismic slip along
the entire subduction plate boundary. However, this conclusion is contradictory to
an interpretation by Savage et al. (1981) of horizontal strain as measured by laser
ranging in the period 1972 to 1979. They report horizontal compression of 0.13
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(= 0.02) microstrain/yr along a principal axis of compression directed N71°E.
Weaver and Smith (1983) report northeast-southwest compression axes for earth-
quakes in the continental crust in southwestern Washington. Both Savage et al.
(1981) and Weaver and Smith (1983) conclude that these observations are best
modeled by coupling between the North American and Juan de Fuca plates which
causes compressive strains oriented perpendicular to the subduction zone.

CONCLUSIONS

The Juan de Fuca and North American plates appear to be converging at a rate
of between 3 and 4 ¢cm/yr. The Juan de Fuca subduction zone shares many features
with other subduction zones that are strongly coupled and capable of producing
very large earthquakes. Although the shallow part of this subduction zone shows
little present-day seismicity and no significant historical activity, we feel that there
‘is sufficient evidence to warrant further study of the possibility of a great subduction
zone earthquake in the Pacific Northwest.
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POSSIBLE TSUNAMI ALONG THE NORTHWESTERN COAST" OF THE
UNITED STATES INFERRED FROM INDIAN TRADITIONS

By THOMAS H. HEATON AND PARKE D. SNAVELY, JR.

Subduction of the Juan de Fuca and Gorda plates beneath western North America
presents a paradox; despite the fact that there is good evidence of 3 to 4 cm/yr of
ongoing convergence, there is a remarkable paucity of either historic or instrumen-
tally recorded shallow subduction earthquakes. Steady aseismic slip along the entire
Cascadia subduction zone provides one explanation for this seismic quiescence.
However, the Cascadia subduction zone shares many features, including temporal
quiescence, with other subduction zones that have experienced very large shallow
subduction earthquakes (Heaton and Kanamori, 1984). Yet, there is no
direct geologic or historical evidence presently available to confirm that great
shallow subduction earthquakes have occurred along the coast of Washington,
Oregon, and northern California. However, there are reports describing Indian
legends of great sea-level disturbances that may be related to large nearby earth-
quakes. In this letter, we briefly review the history of exploration and settlement of
this region by nonnative people and then discuss legends from Indians in northern
Washington and northern California.

The coastline of Washington was first explored by Captain Bruno Heceta of
Spain in 1775, and a Spanish settlement was briefly occupied (5 months) in 1792
at Neah Bay (see Figure 2). This coastline was also explored by Captain James
Cook (England) in 1778 and Captain Robert Gray (United States) in 1792. Fur
trading settlements were established by Canadians in 1810 and 1811 at Spokane,
Astoria, and Fort Okanogan. Permanent, but sparse, settlement of the region
persisted until the 1850’s when a major wave of immigration occurred.

It seems certain that great coastal subduction earthquakes have not occurred
since the 1850’s and highly probable that they have not occurred since the 1790’s.
However, Judge James Swan has reported curious Indian “traditions” that suggest
effects that could have resulted from a great shallow subduction earthquake. Swan
was a renowned student of Indian lore, writing several fascinating accounts of his
experiences with coastal Indians from Washington, Oregon, and British Columbia
during the 1850’s through 1870’s (Swan, 1857, 1868, 1874).

The following excerpts are from Swan’s 1868 publication, “The Indians of Cape
Flattery.” Although it is useful to study a large quantity of Swan’s writings in order
to better understand the context of the “traditions” of a large sea-level disturbance,
the first excerpt indicates Swan'’s impressions of the reliability of Indian legends.

History, Traditions, Etc.—The history of this tribe (Makah), as far as
their knowledge extends, is a confused mass of fables, legends, myths, and
allegories. Nothing that they can state prior to the existence of a few
generations back is clear or wholly to be relied upon. There are a few
prominent events that have been remembered as having occurred; but the
detail is confused, and it is very rare that two Indians tell the same story
alike, unless it may be some wild and improbable legend, like the fairy
tales related in nurseries, which are remembered in after life. A notable
instance of this unreliability is in their version of the account of the
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Spanish settlement attempted at Neeah Bay by Lieut. Quimper, in 1792
by order of the commandant of the Spanish forces at Nootka. All they
really know about it, is that they have been told by their fathers that the
Spaniards were here, and they can point out the locality where yet may be
found pieces of tile used by the Spaniards in building. But although that
occurrence was only seventy-three years ago, there is but one man living
in the tribe who remembers the circumstances, and he is in his dotage.
Almost every Indian I have questioned upon the subject gives a different
version of the detail. Now, as they cannot relate correctly matters given in
our history, and of a comparatively recent date, but little dependence can
be placed upon the tales of their origin, which are interesting only for their
fabulous and superstitious nature.

More recent events, such as the murder of the crews of the ship Boston,
in 1803, and of the Tonquin, in 1811, and the captivity of Jewett among
the Nootkans, they remember hearing about, and relate with tolerable
accuracy. As events recede in years, however, they become obscured with
legends and fables, so that the truth is exceedingly difficult to discover.

Keeping these strong caveats in mind, we now reprint Swan’s (1868) account of
Indian “traditions” of a great sea level disturbance along the coast of Washington.
Geographic locations of tribes and places mentioned in this account are shown in
Figures 1 and 2 (modern spelling of some words may differ from that in the account).
In addition, the word, Makah, is used by eastern inland Indians and nonnative
people; the word, Classet, is used by northern Coastal Indians, and the word
Kwenaitchechat is used by Cape Flattery Indians (Makahs). All of these words have
the same meaning: “people who live on a point of land projecting into the sea (i.e.
Cape Flattery).”

The only tradition that I have heard respecting any migratory movement
among the Makahs, is relative to a deluge or flood which occurred many
years ago, but seems to have been local, and to have had no connection
with the Noachic deluge which they know nothing about, as a casual visitor
might suppose they did, on hearing them relate the story of their flood.
This I give as stated to me by an intelligent chief; and the statement was
repeated on different occasions by several others, with a slight variation in
detail.

“A long time ago,” said by informant, “but not at a very remote period,
the water of the Pacific flowed through what is now the swamp and prairie
between Waatch village and Neeah Bay, making an island of Cape Flattery.
The water suddenly receded leaving Neeah Bay perfectly dry. It was four
days reaching its lowest ebb, and then rose again without any waves or
breakers, till it had submerged the Cape, and in fact the whole country,
excepting the tops of the mountains at Clyoquot. The water on its rise
became very warm, and as it came up to the houses, those who had canoes
put their effects into them, and floated off with the current, which set very
strongly to the north. Some drifted one way, some another; and when the
waters assumed their accustomed level, a portion of the tribe found
themselves beyond Nootka, where their descendants now reside, and are
known by the same name as the Makahs in Classett, or Kwenaitchechat.
Many canoes came down in the trees and were destroyed, and numerous
lives were lost. The water was four days regaining its accustomed level.”
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The same tradition was related to be by the Kwilleyutes, who stated that
a portion of that tribe made their way to the region in the vicinity of Port
Townsend, where their descendants are known as the Chemakum +tribe. I
have also received the same tradition from the Chemakum Indians, who
claim to have originally sprung from the Kwilleyutes. There is no doubt in
my mind of the truth of this tradition. The Waatch prairie shows conclu-
sively that the water of the Pacific once flowed through it; and on cutting
through the turf at any place between Neeah Bay and Waatch, the whole
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FiG. 1. Approximate location of Indian tribes and place names mentioned in this report. Approximate
locations of sea-floor magnetic lineations and Quaternary volcanoes (triangles) are also shown.

substratum is found to be pure beach sand. In some places the turf is not
more than a foot thick; at others the alluvial deposit is two or three feet.
As this portion of the country shows conclusive evidence of volcanic
action, there is every reason to believe that there was a gradual depression
and subsequent upheaval of the earth’s crust, which made the waters rise
and recede as the Indians stated. Fossil remains of whales are said by the
Indians to be found around a lake near Clyoquot, which were possibly
deposited at the time of this flood. I have not seen these remains, but I
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F1G. 2. Topographic map of the Cape Flattery region (U.S. Geological Survey Cape Flattery Quad-
rangle, 15-min series).

have been told of their existence by so many different Indians who
professed to have seen them, that I think the story probably correct. The
Indians do no think they got there by means of the flood, but that, as
before stated, they are the remains of the feasts of the T’hlukloots, or
thunder bird, who carried the whales there in his claws, and devoured them
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at his leisure. With the single exception of this legend of the flood, I have
never learned from them that they have any tradition respecting the tribe
coming to or going from the place where they now reside, and this is the
only one which they relate of ancient times that is corroborated by
geological or other evidence.

Could this be an account of a great tsunami? Although there are many features
of this report that seem exaggerated, apparently Swan was convinced that some
remarkable sea-level disturbance had occurred. He clearly segregates this report
from the majority of legends which he feels are of a more mythical nature. The
words, “a long time ago, but not at a very remote period,” indicate that the alleged
disturbance predates the lifetimes of the reporting Indians, but was not to be
confused with an ancient time which was associated with the great majority of their
mythical legends.

If this is an account of an ancient tsunami, then what can be deduced about its
nature and origin? Great tsunamis may have periods of tens of minutes to hours,
but 4 days is without percedent. If we are to believe that this is an account of a
through the years. If the event is real, then it is apparent that the effects must have
been substantial. However, it seems incredulous that any tsunami could have
overtopped the entire Cape Flattery region since the highest elevation of the cape
exceeds 400 m. Furthermore, one is hard pressed to explain why the water would
become warm. Nevertheless, the description of water receding from Neah Bay and
then returning in a strong current is clearly suggestive of a tsunami.

If this is a tsunami description, could the sea wave have originated from a great
earthquake at a distant location? Since there is no mention of any ground shaking,
this might be a logical conclusion. However, large historical earthquakes along the
Pacific rim have not generated large tsunamis at Neah Bay. The M, 9.2 Alaskan
earthquake in 1964 caused a tsunami of only about 1.3 m at Neah Bay (Cloud and
Scott, 1972). Furthermore, the story indicates that Cape Flattery was an island
before this legendary event. This may be plausible since a low marshy area between
Waatch and Neah Bay is the only thing that currently prevents Cape Flattery from
being an island. If there was permanent uplift of the Waatch lowland associated
with the event described in the legend, then crustal deformation associated with a
nearby subduction earthquake could explain the uplift. However, this and any other
conjectures about the significance of this legend are purely speculative. There are
enough inconsistencies in the legend that one must seriously consider the interpre-
tation that this Indian tradition may be entirely fictional. Nevertheless, it is
noteworthy that such a report exists for a region for which there is growing con-
cern that large subduction earthquakes and subsequent tsunamis may be a real
possibility.

We have mentioned this report by Swan to several colleagues and this resulted
in the rediscovery of other Indian legends of earthquake activity along the north-
western coastal United States. Gary Carver (Department of Geology, Humbolt State
University, Arcata, California) informed us of myths of the Yurok Indians in which
earthquakes seem to play a prominent role. These myths were recorded by A. L.
Kroeber (1976) between 1900 and 1907. Yurok Indians inhabited the region that
roughly coincides with Redwood National Park in northernmost coastal California
(see Figure 1). According to Yurok mythology, the god, Earthquake, was a very
powerful being that ran over the earth, shaking and tearing the ground, breaking
trees, and disturbing the rivers and ocean. However, the Yurok stories are very
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allegorical and seem to be correctly classified as myths. We do not reproduce these
myths here since they are somewhat lengthy, difficult to interpret, and their factual
basis is unknown. -

CONCLUSIONS

We thank Gary Carver for generously providing materials relating to Yurok
Indian mythology. We also thank Joseph Ziony and Robert Wallace for thoughtful
reviews of the manuscript. This work is supported, in part, by the U.S. Nuclear
Regulatory Commission.
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SOURCE CHARACTERISTICS OF HYPOTHETICAL SUBDUCTION
EARTHQUAKES IN THE NORTHWESTERN UNITED STATES

By THoMAas H. HEATON AND STEPHEN H. HARTZELL

ABSTRACT

Historic earthquake sequences on subduction zones that are similar to the
Cascadia subduction zone are used to hypothesize the nature of shallow sub-
duction earthquakes that might occur in the northwestern United States. Based
on systematic comparisons of several physical characteristics, including phy-
siography and seismicity, subduction zones that are deemed most similar to the
Cascadia subduction zone are those in southern Chile, southwestern Japan, and
Colombia. These zones have all experienced very large earthquake sequences,
and if the Cascadia subduction zone is also capable of storing elastic strain
energy along its greater than 1000 km length, then earthquakes of very large
size (M., > 83) must be considered. Circumstantial evidence is presented that
suggests (but does not prove) that large subduction earthquakes along the
Cascadia subduction zone may have an average repeat time of 400 to 500 yr.

INTRODUCTION

This is the third in a series of four papers that lead to an estimation of the seismic
hazard associated with the subduction of the Juan de Fuca and Gorda plates beneath
North America. In the first paper, Heaton and Kanamori (1984) compared physical
characteristics of the Cascadia subduction zone (also referred to as the Juan de
Fuca subduction zone) with those of other subduction zones and concluded that the
Cascadia subduction zone is similar to other subduction zones with strong seismic
coupling, and thus may be capable of producing great shallow subduction earth-
quakes. In the second paper, Hartzell and Heaton (1985) compared the nature of
the time history of seismic energy release for 60 of the largest subduction earth-
quakes to occur in the past 50 yr. In this paper, we extend the results of the previous
studies to estimate the nature of shallow subduction earthquakes that could be
postulated if the Cascadia subduction zone is assumed to have strong seismic
coupling. In the fourth paper, Heaton and Hartzell (1986) estimate the nature of
strong ground motions that may result from earthquakes hypothesized in this study.

Key issues addressed here are: (1) the dimensions and gecmetry of hypothetical
Cascadia subduction earthquakes; (2) plausible repeat time; (3) identification of
analogous historic earthquakes; and (4) estimation of possible tsunami amplitudes.

Subduction of the Juan de Fuca and Gorda plates has presented earth scientists
with a dilemma. Despite compelling evidence of active plate convergence (Riddi-
hough, 1977; Snavely et al., 1980; Hyndman and Wiechert, 1983; Adams, 1984a;
Nishimura et al., 1985), subduction on the Cascadia zone has often been viewed as
a relatively benign tectonic process (Riddihough, 1978; Ando and Balazs, 1979;
Acharya, 1981, 1985). There is no deep oceanic trench off the coast; there is no
extensive Benioff-Wadati seismicity zone; and most puzzling of all, there have not
been any historic low-angle thrust earthquakes between the continental and sub-
ducted plates. The two simplest interpretations of these observations are: (1) the
Cascadia subduction zone is completely decoupled and subduction is occurring
aseismically, or (2) the Cascadia subduction zone is uniformly locked and storing
elastic energy to be released in future great earthquakes. Full resolution of this issue
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may prove elusive. Although it is somewhat surprising that no shallow subduction
earthquakes have been documented in this region, the duration of written history
is relatively short. It seems certain that great shallow subduction earthquakes have
not occurred in this region since the 1850’s and highly probable that they have not
occurred since the 1790’s. If large shallow subduction earthquakes do occur on the
Cascadia subduction zone, we can infer their characteristics only by studying the
nature of subduction earthquakes that have occurred on other subduction zones
that can be considered as analogous. Unfortunately, no subduction zone is exactly
the same as the Cascadia subduction zone, and thus, the search for analogs will
always lead to fundamental ambiguities.

Systematic variations in the nature of seismic energy release with physical
characteristics of subduction zones have been discussed by Kelleher et al. (1974),
Kanamori (1977), Uyeda and Kanamori (1979), Ruff and Kanamori (1980), Lay et
al. (1982), Peterson and Seno (1984), and Uyeda (1984). Many types of correlations
have been suggested, but since quantification of the physical characteristics of
subduction zones and their earthquakes is often rather subjective, not all of these
studies seem to reach compatible conclusions. Perhaps the most consistent obser-
vation is that subduction of young lithosphere is associated with strong seismic
coupling whereas subduction of old lithosphere is associated with weak seismic
coupling. Ruff and Kanamori (1980) demonstrate that the seismic coupling is well-
correlated with a simple linear function of subducted plate age and convergence
velocity in which decreasing age and increasing convergence velocity imply stronger
seismic coupling. Heaton and Kanamori (1984) show that the Cascadia subduction
zone is clearly different from the class of aseismic subduction zones that is charac-
terized by the subduction of old lithosphere. They further show that it shares many
characteristics with subduction zones that have experienced very large shallow
subduction earthquakes. In this report, we do not restate all of the arguments given
by Heaton and Kanamori (1984), but instead we extend that study by systematically
comparing trench bathymetry and shallow seismicity for a world-wide sampling of
subduction zones.

TRENCH BATHYMETRY AND GRAVITY

Uyeda and Kanamori (1979) suggest that strongly coupled subduction zones are
accompanied by relatively shallow trenches, whereas weakly coupled subduction
zones are accompanied by deep oceanic trenches. Similarly, they conclude that free-
air gravity anomalies tend to be larger for those trenches with weak seismic coupling.
The Cascadia subduction zone is somewhat unusual in that it has virtually no
bathymetric trench. In order to assess just how anomalous this is, we have con-
structed profiles of bathymetry and free-air gravity for many circum-Pacific con-
vergent boundaries. Figure 1 shows shiptrack segments that were used to construct
the profiles shown in Figure 2. The shiptrack data were obtained in digital form
from NOAA (1981). All data are plotted on a common scale, and the subducted
plate is always on the right-hand side of the profile. Bathymetry and free-air gravity
are plotted together. Unfortunately, gravity data were not available for all the
shiptracks selected, and thus, only bathymetry is plotted for some of the profiles.

Comparing the profiles from differing subduction zones, we see that the Cascadia
subduction zone (profiles 38-43) is indeed remarkable for its lack of a bathymetric
trench, very shallow ocean floor, and very small gravity anomalies. However, there
are several factors that may help to explain these characteristics. The shallow 3 km
depth of the Juan de Fuca plate before subduction is near the average depth of very
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young oceanic lithosphere (Parsons and Sclater, 1977). Furthermore, reflection
profiles (Snavely et al., 1980; Kulm et al., 1984) reveal the presence of a shallow
trench that has been completely inundated by approximately 2 km of sediments.
Grellet and Dubois (1982) show that there is a good correlation between the age of
subducted plate and both the absolute trench depth and the trench depth relative
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F1G. 2. (a) to (g) Profiles of bathymetry (light solid line) and free-air gravity (dotted heavy line) for
shnptracks shown in Figure 1. All profiles are plotted on a common scale and are aligned approximately
perpendicular to the trench axes. The subducting ocean plate is always on the right-hand side of each
%roﬁle The number in the upper left corner of each profile corresponds to the shiptrack numbers in

igure 1.

to the adjacent abyssal plain. Once again, the very shallow depth of the Cascadia
trench is consistent with the subduction of very young oceanic lithosphere.
Searching through the profiles in Figure 2, we see that there are other subduction
zones that have features similar to those observed for the Cascadia subduction zone.
New Zealand, Nankai Trough, Alaska, Colombia, and southern Chile are all notable
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for the absence of a well-developed bathymetric trench. Hilde (1984) reports
extensive trench sediments for all of these areas, and with the possible exception of
New Zealand, these trenches have experienced very large shallow subduction earth-
quakes. We particularly note striking similarities in both bathymetry and gravity
profiles between the Cascadia subduction zone, Colombia, and southern Chile.

SEISMICITY

One of the most striking features of the Cascadia subduction zone is the remark-
able paucity of shallow earthquake activity between the trench axis and the coastal
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mountain ranges (Taber and Smith, 1985). Despite the continuous monitoring of
this region with a local seismometer network since 1970, very few earthquakes of
any size have been observed in the coastal regions of Washington and Oregon. This
seems somewhat puzzling for a major plate boundary that is undergoing 3 to 4 cm/
yr of convergence. Heaton and Kanamori (1984) suggest that this behavior may be
analogous to that observed on the San Andreas fault in California. That is, while
the central section of the San Andreas fault, which appears to slip principally
through aseismic creep, experiences numerous small earthquakes, the sections of
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the fault that experienced great earthquakes in 1857 and 1906 are almost totally
devoid of present-day seismicity. One hypothesis is that stress increases smoothly
and uniformly on fault zones that are strongly coupled over large areas, whereas
numerous local stress concentrations occur on faults having large areas that undergo
aseismic slip. Although this model may help to explain the paucity of shallow
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activity along the Cascadia subduction zone, it has not yet been demonstrated that
it generally applies to subduction zones. -

Unfortunately, catalogs of local seismicity are not available for many subduction
zones that are thought to be strongly coupled. However, there is remarkably little
shallow seismicity in the Nankai Trough (Takagi, 1982), a well-instrumented
subduction zone having many similarities to the Cascadia subduction zone. In
particular, seismicity is very low in the region offshore of the Tokai district (Japan
Meteorological Agency, 1984), an area that is often considered as the potential
source of a large, shallow subduction earthquake.

Centrai Chile

1

kmS 100 Soufh
5 omgat Chile
7 -100

1 L 1 L Il 1 1 1

FiG. 2. Continued.

Lacking local seismicity catalogs for most subduction zones, we have systemati-
cally compared shallow seismicity from different subduction zones as reported by
the NOAA catalog. We wish to identify those zones that have experienced significant
time periods of very low seismicity. To this end, we have selected earthquakes with
hypocentral depths of less than 50 km from the regions shown in Figure 3. We then
plotted the cumulative number of earthquakes in each region as a function of time
for the period from 1930 to 1979 (Figure 4). The number of earthquakes in each
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FI16. 4. (a) to (d) Cumulative number of earthquakes shown as a function of time for the regions
defined in Figure 3. Both the cumulative number of earthquakes above M 5 (right-hand scale) and the
cumulative number of earthquakes between M 6.3 and M 7.3 (left-hand scale) are plotted for the period

from 1930 to 1980. The NOAA catalo

comrlete for M 6.3 to M 7.3 earthqu

but have not been scaled for convergence rates.

is %robably incomplete for M > 5 earthquakes, but should be
es

lots have been scaled for the length of the trench section

region has been normalized by the trench length, but has not been normalized by
convergence rate. Unfortunately, there are almost certainly important spatial and
temporal variations in the completeness of the NOAA catalog. Thus, we have
selected two magnitude windows: (1) all events between M 6.3 and M 7.3 (amplitude
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scale on the left axis of each plot), and (2) all events larger than M 5 (amplitude ‘
scale on the right axis of each plot). We believe that the catalog.detection is
approximately homogeneous with respect to differing regions for earthquakes larger
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F16. 4. Continued.

than M 6.3. However, the fact that there are significant temporal variations in the
world-wide rate of occurrence of M 6.3 to M 7.3 earthquakes suggests that there
may be systematic temporal variations in the calculation of magnitude. Although ‘
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the completeness of the NOAA catalog for M 5 earthquakes almost certainly varies
with time and region, it is useful to recognize that these earthquakes have occurred
in some regions, even if completeness problems will not allow us to prove that they
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have not occurred in other regions. That is, regions for which there are numerous
M 5 earthquakes reported must certainly have a higher level of seismicity than the
Cascadia subduction zone, whereas those regions for which few M 5 earthquakes
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are reported may or may not have seismicity levels comparable to the Cascadia
subduction zone. .
A careful study of Figure 4 reveals that coastal Washington and Oregon are
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indeed remarkable for their very low levels of earthquake activity. In particular, the
Marianas and Bonin Island regions, which are representative of the aseismic
subduction of very old lithosphere, have experienced low, but continuous, seismicity.
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Regions experiencing high levels of seismicity (Tonga-Kermadec, New Hebrides,
Japan Trench, Kurils, and Aleutians) can all be classified as moderately to strongly
coupled. Despite high convergence rates and the occurrence of very large earth-
quakes, South American subduction zones have a relatively low seismicity level.
The seismicity in southern Chile prior to the 1960 M, 9.5 earthquake is particularly
noteworthy. Most of the earthquakes shown for this region are aftershocks of the
1960 earthquake, and Duda (1963) reports that earthquake activity was very slight
for the region south of 37°S latitude for a period of at least 17 yr before the
earthquake. Although questions about the completeness of seismicity catalogs
prevents us from concluding that the area of the 1960 Chilean earthquake experi-
enced a seismic quiescence as profound as that observed in Washington and Oregon,
it does seem clear that seismicity in the southern Chilean region was very low
relative to most other subduction zones.

SPECIFIC EXAMPLES

In Figures 5, 7, and 9, we show selected subduction zones where relatively young
oceanic crust is subducted. These regions are all plotted on the same scale and show
the relative geometry of these subduction zones. Approximate locations of seafloor
magnetic lineations, Quaternary volcanoes, and the rupture extent of the largest
shallow subduction earthquakes are also shown.

Southern Chile. Figure 5 (a and b) shows southern Chile and the northwestern
United States, respectively, and represent subduction zones where very young
oceanic crust is presently subducting. The coseismic vertical deformation from the
1960 Chilean earthquake (Plafker and Savage, 1970) is contoured and illustrates
several key points. The epicenter of the 1960 earthquake is at the northern end of
the zone, which extends nearly 1000 km southward to the point at which the South
Chile rise is subducted beneath South America. The rupture propagated across
several major fracture zones, with the age of subducted oceanic lithosphere varying
between 30 and 5 m.y. The magnetic anomaly time scale is shown in Figure 6.

. Seismicity prior to the 1960 earthquake appears to have been very low in the region
south of 41° where the youngest oceanic lithosphere is subducting (Duda, 1963).
The predominant onland coseismic vertical deformation was subsidence; uplift was
only observed along the northern coastal region and along southern islands located
relatively near to the trench axis. Significant subsidence and uplift of up to 6 m
were observed in the south where the youngest oceanic crust is presently subducting.
Thus, it appears that large earthquakes in southern Chile involve the subduction of
very young oceanic crust.

Several features of subduction in southern Chile are also observed for the Cascadia
subduction zone. We have already noted similarities in trench bathymetry as well
as the suggestion that both zones may experience significant periods of seismic
quiescence. The lengths of the two zones are roughly comparable and the distance
between the trench axis and the volcanic arc is slightly greater in the northwestern
United States. One to two kilometers of clastic sediments overlie the oceanic plates
in both trenches (Schweller et al., 1981; Herron et al., 1981; Kulm et al., 1984), and
relatively high heat flows of 1 to 2 HFU have been reported in both areas (Herron
et al, 1981; Kulm et al, 1984). Although much of the South American subducting
margin is characterized by the juxtaposition of the great heights of the massive
Andes Mountains and the great depths of the Peru-Chile Trench, the region of the
1960 earthquake is better characterized (from west to east) by a broad continental
margin, low coastal ranges, a central valley that grades southward into an inland
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sea, and finally a chain of strato-volcanoes (Lowrie and Hey, 1981). These landforms
are very similar to those encountered in the northwestern United States.

Lomnitz (1970) reports that earthquakes similar to that in 1960 may have occurred
in 1575, 1737, and 1837, thus giving an average repeat time of 128 yr. However,
Plafker and Savage (1970) estimate the average dislocation of the 1960 earthquake
to be in excess of 20 m, and Minster and Jordan (1978) estimate that the convergence
rate is about 9.0 cm/yr. Thus, we might expect the recurrence interval for 1960-
sized events to exceed 200 yr. Nishenko (1985) suggests that the events in 1737 and
1837 were somewhat smaller than the one in 1960. In particular, the teleseismic
tsunami from the 1837 Chilean earthquake was 57 per cent of the size of the 1960

Quaternary E_ Om.y.
Pliocene -
— 10
Miocene E
—20
Oligocene _:_ 30
— 40
Eocene .:.
—50

F1G. 6. The geomagnetic time scale.

tsunami as measured at Hilo, Hawaii (Nishenko, 1985). Furthermore, the tsunami
from the 1960 earthquake is considered to be the largest teleseismic tsunami in
Japanese history (Yoshikawa et al., 1981). Plafker (written communication, 1985)
also suggests that the 1960 earthquake was significantly larger than previous events
since the type of inundation damage from widespread coastal subsidence that was
reported in 1960 was not reported for earlier events. Kanamori and Cipar (1974)
report that the 1960 sequence was accompanied by anomalous long-period seismic
radiation. They show long-period strain records from Pasadena, California, on
which very large 300- to 600-sec waves arrive shortly after the times expected for
major seismic phases from the M;s 6,8 foreshock that occurred about 15 min prior
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to the main shock. At periods of greater than 300 sec, the foreshock may have been
larger than the main shock, and the moment of the entire sequence may have
exceeded 6 X 10%° dyne-cm (M, 9.8). Since it is difficult to explain the observed
coseismic coastal deformation with such a large moment, Kanamori and Cipar
(1974) speculate that a large-scale, deep-seated deformation was associated with
this earthquake. In any case, it appears as though most of the interplate motion in
southern Chile occurs during great earthquake sequences.

If the Cascadia subduction zone is analogous to that in southern Chile, then what
might we infer about the recurrence time of Cascadia subduction zone earthquakes?
Nishimura et al. (1984) report convergence rates along the Cascadia subduction
zone that range from 3.3 + 0.9 cm/yr in the south to 4.3 + 0.9 cm/yr in the north.
A simple scaling of convergence rates between the northwestern United States and
southern Chile would lead us to postulate great earthquakes along the Cascadia
subduction zone with average dislocations in excess of 10 m and recurrence times
of 250 to 500 yr. Furthermore, if an earthquake similar to the 1960 Chilean
earthquake were to occur, then we might expect the hinge line for coseismic vertical
deformation to lie near the coastline, with much of the coast experiencing coseismic
subsidence.

Nankai Trough. As can be seen in Figure 7a, there are many geometric similarities
between the Nankai Trough and the Cascadia subduction zone. As is the case in
southern Chile and the northwestern United States, there are 1 to 2 km of clastic
sediments filling a shallow structural trench (Hilde, 1984; Shephard and Bryant,
1983), a broad continental margin, and coast ranges that bound an inland sea or
central valley. Unlike southern Chile or the northwestern United States, south-
western Japan does not have a zone of Quaternary strato-volcanoes. Although the
oceanic lithosphere subducted beneath southwestern Japan is very young (about 20
m.y.; Kobayashi and Nokada, 1978), it is about twice as old as the lithosphere
subducting beneath the northwestern United States. This young age is consistent
with the relatively high heat flows (1 to 2 HFU) that are observed in the Philippine
seaplate off southwestern Japan (Uyeda, 1984). One unusual feature of this subduc-
tion zone is the fact that its seafloor magnetic lineations are oriented perpendicular
to the trench axis.

Southwestern Japan is of particular significance because the convergence rate of
3.3 to 4.3 cm/yr (Seno, 1977) is very close to that in the northwestern United States
and also because there is an extensive historical earthquake record for this region.
This historical record was used by Imamura to anticipate the great earthquakes of
1944 and 1946 (Usami, 1982) despite the fact that, in the words of Richter (1958),
they occurred “in a part of the Pacific seismic belt which had been almost completely
quiet during the rise of international seismology.” More recently, Ando (1975)
proposed that coseismic geodetic data from the 1944 and 1946 earthquakes, historical
earthquake data, and coastal geomorphic features can be explained by a model that
segments the subduction zone into the four semi-independent patches shown in
Figure 8. According to Ando’s model, these four patches have each ruptured eight
times in the last 1300 yr. The patches rupture either simultaneously or individually,
but in most instances, failure of the four segments occurred within a time period of
less than 3 yr. This pattern has apparently been broken by the absence of rupture
in the Tokai region during the sequence of 1944 through 1946.

Although the Nankai Trough is remarkable for its pattern of clusters of great
earthquakes that extend the length of the interface with an average repeat of 180
yr, there is apparently still considerable variation in the character and timing of
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these sequences. Although there is some uncertainty about the completeness of this
record prior to 1707, the apparent time interval between sequences” has been as
little as 90 yr and as much as 260 yr. Shimazaki and Nakata (1980) have studied
uplifts on the Muroto peninsula (large peninsula on Shikoku near the middle of the
1946 rupture) from the earthquakes in 1707, 1854, and 1946, and they report uplifts
of 1.8, 1.2, and 1.15 m, respectively. From this, they infer that a larger dislocation
was associated with the 1707 earthquake than for events in 1854 and 1946. They
interpret this data as evidence for the “time-predictable” recurrence model in which
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F1G. 8. Ando’s (1975) model of historic ruptures along the Nankai Trough in southwestern Japan
(from Sieh, 1981). The Tokai seismic gap is indicated by region D.

the time between two earthquakes is determined by the dislocation from the first.
However, if the “time-predictable” model is appropriate here and if the historic
record is complete, then one must wonder about the nature of earlier events with
repeat times in excess.of 200 yr.

Estimating the size of the largest Nankai Trough events is somewhat problematic.
Kanamori (1972) studied long-period surface waves, and Hartzell and Heaton (1985)
studied teleseismic body waves and they both report that the 1944 and 1946
earthquakes have comparable moments of about 1.5 X 10® dyne-cm (M,, 8.05).
Kanamori (1972) estimates a seismic slip of about 3 m for each event. However,
Ando (1975) modeled geodetic data from these earthquakes and infers a moment of
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6.6 X 10? dyne-cm (M,, 8.5) and 1.8 X 10% dyne-cm (M,, 8.1) for the 1946 and 1944
earthquakes, respectively. The 1944 and 1946 earthquakes are clearly not the largest
historic events in southwestern Japan. It appears that the 1707 Hoei earthquake
ruptured most of the 700 km length of the Nankai Trough (Ando, 1975) and was
one of the largest earthquakes in Japanese history. Historic uplift data is scarce,
but uplifts in central Shikoku were at least 50 per cent larger in 1707 than in later
earthquakes, and Ando’s estimates of rupture parameters for this event would
indicate a moment of about 1.5 X 10 dyne-cm (M,, 8.7). Although the scarcity of
data makes it difficult to confirm this large moment estimate, it does appear that
the estimated rupture length alone, suggests an energy magnitude of at least M, 8.5
for the 1707 Hoei earthquake.

The subduction zones in southwestern Japan and the northwestern United States
are similar in their dimensions, convergence rates, and overall physical character-
istics. Although this in no way proves that they experience similar earthquakes, it
does suggest that we should consider the possibility that the Cascadia subduction
zone may experience sequences of several great earthquakes (M,, > 8.0) with repeat
times of the sequences from 100 to 250 yr.

Alaska. Although the oceanic crust that is subducting at a rate of 5.7 cm/yr
beneath Alaska is relatively young (40 to 50 m.y., Figure 7b), it is considerably older
than the oceanic lithosphere in the Cascadia or any other subduction zone consid-
ered in this study. One of the most remarkable features of the Alaskan subduction
zone is its extensive accretionary wedge; the width of the Alaskan continental
margin is about twice that of other subduction zones considered in this study.
Although there is a bathymetric trench, it is a relatively subtle feature, and it is
filled with 2 km of clastic sediments (Von Huene et al, 1978) having properties
similar to those found in the Nankai Trough and the Cascadia subduction zone
(Shephard and Bryant, 1983).

Contours of the coseismic vertical uplift associated with the M, 9.2 1964 Alaskan
earthquake are shown in Figure 7b (Plafker, 1972a). Localized uplifts of up to 12 m
appear to be associated with activation of high-angle imbricate faults on Montague
Island. Coseismic horizontal motions were even more impressive than the vertical
deformations; much of the coastline moved oceanward by more than 10 m, and the
maximum horizontal displacement was 20 m (Plafker, 1972a). Alewine (1974)
modeled these vertical and horizontal deformations and concluded that the fault
dislocation exceeded 10 m over a rupture width of greater than 200 km with
dislocations of nearly 30 m over the central 70 km of the rupture zone.

Unfortunately, the period of recorded history is very short in Alaska, and the
timing and sizes of previous earthquakes must be inferred from geologic evidence.
Middleton Island lies far out on the continental margin near the trench axis and
displays a sequence of six marine terraces, the oldest of which has a maximum
elevation of 46 m and a radiocarbon age of 4500 y.b.p. and the youngest of which
was formed during the 1964 earthquake and has an elevation of 3} m (Plafker,
1972b). Detailed analyses of these terraces indicate time separations of as little as
500 yr for the older terraces and as much as 1350 yr for the most recent terrace,
which is also the smallest terrace observed (Plafker and Rubin, 1978). If each terrace
can be associated with a great subduction earthquake, then the Middleton Island
record implies an average recurrence time of 800 yr, an exceedingly long time when
compared with the recurrence time of great historic earthquakes in southern Chile.
However, permanent uplifts of Middleton Island are most likely due to slippage
along imbricate faults in the accretionary wedge, and there may not be a one-to-
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one correspondence between slippage on the main thrust plane and slippage on
individual imbricate faults. Although the terrace sequence on Middleton Island may
yield an incomplete record of great earthquakes, Plafker (1972b) notes that there is
evidence for gradual widespread subsidence of many shorelines for a period of at
least 930 yr prior to the 1964 earthquakes. This may be corroborating evidence for
a very long repeat time for great Alaskan subduction earthquakes. It is interesting
to note, though, that the recurrence times for great earthquakes in the other sections
of the Aleutian Trench lying to the west are generally less than 100 yr (Sykes et al.,
1981). Although there is evidence suggesting that repeat times of great Alaskan
earthquakes may be very long, further corroborating evidence must be found before
this result can be considered to be compelling.

We have noted differences in the age of the subducted lithosphere and in the
dimensions of the accretionary wedge between the Alaskan and the Cascadia
subduction zones. On the other hand, there are similarities in the convergence rate,
trench bathymetry, and sedimentation processes. Furthermore, the length of the
Cascadia subduction zone is comparable to the rupture length of the 1964 earth-
quake. If similar earthquakes occur on the Cascadia subduction zone, then it may
be that repeat times exceed 1000 yr.

Colombia. The oceanic lithosphere that is subducted at a rate of 8 cm/yr (Minster
and Jordan, 1978) beneath southwestern Colombia and northern Ecuador is very
young, ranging in age from 10 to 15 m.y. (Figure 9a). As is the case in other regions
. of young lithosphere subduction, thick sediments fill a shallow structural trench in
this region (Hilde, 1984). Colombia has an extensive western continental margin
that is somewhat wider, on average, than that encountered in the northwestern
United States. A low coastal plain, ranging in width from 30 to 100 km and
consisting of several large river deltas, is bounded on the east by three separate
mountain chains separated by narrow linear valleys. The central mountain range
has peak elevations from 4000 to 6000 m and contains a chain of Quaternary
volcanoes. Although some of these landforms are found in other subduction zones,
the presence of large river deltas is somewhat unusual and may indicate relative
stability or slow subsidence of the coastal region.

Although large earthquakes along Colombia’s western coast have been relatively
infrequent this century, there have been large subduction earthquakes in 1906,
1942, 1958, and 1979. The area of the rupture zone of the largest of these events,
the 1906 earthquake, has been estimated by Kelleher (1972) and is shown in Figure
9a. Seismic radiation from all of these events has been studied by Kanamori and
McNally (1982), and they report that despite the fact that the combined rupture
areas of the 1942, 1958, and 1979 earthquakes seem to cover the rupture surface of
the 1906 earthquakes, the combined moment of these later events is only about
one-fifth of that of the 1906 event. They estimate that the 1906 earthquake had a
seismic moment of 2 X 10% dyne-cm (M, 8.8) with an average dislocation of 5 m
over a rupture area of 1.1 X 10° km% The 1979 earthquake is the second largest
earthquake having a seismic moment of about 2.9 X 10? dyne-cm (M, 8.2) with an
average dislocation of 2.7 m over a rupture area of about 2.8 X 10* km? (Kanamori
and McNally, 1982).

Unfortunately, historical earthquake records in this region are very sketchy.
Ramirez (1933) compiled records of earthquakes during the period from 1575 to
1915, but there is not enough information to clearly identify other great coastal
earthquakes. Ramirez does report a great earthquake in 1797 that caused extensive
damage in a region extending more than 400 km from southwestern Colombia to
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central Ecuador. There are no known tsunami reports from this shock, and the
source region of this earthquake is unknown. However, the region of high damage
seems to extend several hundred kilometers south of that of the 1906 earthquake.

As is apparently the case in the Nankai Trough, it appears that the Colombian
subduction zone may rupture either during single very large earthquakes or during
a sequence of smaller ones.

Mexico. Subduction of the Rivera plate beneath the North American plate in the
region of Jalisco, Mexico, is of considerable interest to us since it represents the
slow subduction of a very young and small plate (Figure 9b). Klitgord and Mam-
merickx (1982) suggest that the subducting Rivera lithosphere is younger than 10
m.y., while the northernmost part of the Cocos plate subducting beneath Colima,
Mexico, may be younger than 5 m.y. Eissler and McNally (1984) estimate that in
the region of the Rivera fracture zone, the Rivera and Cocos plates are subducting
at rates of about 2.3 and 5.5 cm/yr, respectively. Unlike the other areas considered
in this report, the continental margin of central Mexico is relatively narrow.
Furthermore, there is a shallow bathymetric trench with relatively little clastic
sediment (0.6 km; Shepard and Bryant, 1983).

The historic rate of seismicity is relatively high along most of the Middle American
Trench with many events in the magnitude 7 to 8 range. Singh et al. (1981) and
Astiz and Kanamori (1984) suggest that the average repeat times for individual
segments of the zone vary between 30 and 60 yr. The largest earthquake sequence
documented along the Middle American Trench occurred in 1932 in the Jalisco
region of Mexico and the approximate aftershock area as estimated by Singh et al.
(1985) is shown in Figure 9b. The 1932 earthquake sequence contained two large
shocks, a M 8.2 (Abe, 1981) event on 3 June that has an estimated moment of 10%
dyne-cm (Singh et al., 1985) and a Ms 7.8 (Abe, 1981) event on 18 June with an
estimated moment of 7.3 X 10*” dyne-cm (Singh et al., 1985). The average dislocation
for the 1932 sequence is estimated to be 1.9 m over an area of 230 km by 80 km.
Both events were accompanied by local and teleseismic tsunamis (Abe, 1979), and
there is little doubt that these events represent thrusting of the Rivera plate beneath
the North American continental margin.

Singh et al. (1981) identify other large earthquakes in the Jalisco region in 1837
(Ms 7.7), 1875 (Mg 7.5), 1900 (M5 7.9), and 1911 (Mg 7.7). However, none of these
events appears to be as large as the 1932 sequence. Furthermore, seismicity in the
Jalisco region has been remarkably low since the 1932 earthquakes (Astiz and
Kanamori, 1984; LeFevre and McNally, 1985).

Although there are clear differences in the physiographic features and the fre-
quency of moderately large coastal earthquakes between subduction of the Rivera
and Juan de Fuca plates, the earthquake history of the dJalisco region clearly
demonstrates that the slow subduction of a small, very young plate does not
necessarily imply aseismic slip.

CASCADIA SUBDUCTION ZONE: LLOCKED OR UNLOCKED?

We have noted that there is a large variation in the size and recurrence interval
of shallow subduction earthquakes in subduction zones that share physical charac-
teristics with the Cascadia subduction zone. However, it does seem clear that the
subduction of very young oceanic lithosphere is often, if not usually, associated with
the occurrence of very large shallow earthquakes. Although this does not prove that
great earthquakes will occur on the Cascadia subduction zone, it does suggest that
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it is inappropriate to assume that great earthquakes will not occur based on
observations of bathymetry, lithospheric age, trench sediments, heat flow, conver-
gence rate, physiography, overall size of the subducted plate, Quaternary volcanism,
or the rate of background seismicity. A summary of the comparison of physical
characteristics of the subduction zones just discussed is found in Table 1.

Geodetic strain. The observation and interpretation of geodetic strain may even-
tually lead to a fairly clear picture of the subduction process along the Cascadia
subduction zone. Savage et al. (1981) and later Lisowski and Savage (1986) discuss
Geodolite surveys in the Seattle region from 1972 to 1984 and triangulation surveys
in the Strait of Juan de Fuca from 1892 to 1954. Their analyses indicate that both
regions show maximum contraction in a direction nearly parallel to the proposed
east-northeast plate convergence direction. Lisowski and Savage (1986) report
shortening at a rate of 0.05 = 0.02 ustrain/yr in the Seattle region and shortening
at a rate of 0.22 *+ 0.07 ustrain/yr in the Strait of Juan de Fuca. Repeated leveling
surveys along much of the coastline adjacent to the Juan de Fuca plate (Ando and
Balazs, 1979; Reilinger and Adams, 1982; Riddihough, 1982) show steady uplift of
the coastal region at a rate of up to 3 mm/yr and subsidence of the inner coastal
areas at a rate of about 1 mm/yr. Although Ando and Balazs (1979) interpret the
uplift data as evidence of aseismic slip, Lisowski and Savage (1986) show that the
combined geodolite, triangulation, and uplift data may be better explained by a
model in which the shallow thrust zone is locked between the trench axis and the
coastal region. It is interesting to note that the coseismic extension in the central
valley of southern Chile ranged from 25 to 50 ustrain for the 1960 earthquake
(Plafker and Savage, 1970). Furthermore, coseismic extensions from the 1964
Alaskan earthquake ranged from about 15 ustrain in the inland coastal areas to
over 50 ustrain in the outer coastal areas (Plafker, 1972). At the current strain rate,
it would take several hundred to 1000 yr for comparable horizontal strains to
accumulate along the Cascadia subduction zone. Weaver and Smith (1983) interpret
focal mechanisms in southwestern Washington as evidence for crustal compression
parallel to the plate convergence direction, and they suggest that these observations
are best explained by a model in which the Cascadia subduction zone is locked.

Geomorphology. Holocene geomorphic and depositional features often record the
occurrence of great subduction earthquakes. These features vary from region to
region and are usually recognized only after a modern earthquake creates features
that are repeated in the geologic record. Sequences of uplifted Holocene marine
terraces are some of the more easily recognizable features. However, such features
are relatively rare since their preservation requires the right combination of high,
long-term uplift rates, large coseismic uplifts, and moderate to low coastal erosion
rates. Adams (1984a, b) discusses long-term coastal uplift rates along the Cascadia
subduction zone and reports relatively slow emergence and probably submergence
for most of Washington and northern Oregon. He further reports uplift rates of as
high as 1.5 mm/yr in southern Oregon. However, coastal erosion is very strong
along this coastline and few, if any, Holocene strand lines have been identified in
this region. Curiously, large tree stumps in apparent growth position are found in
the intertidal zone at Sunset Bay in southern Oregon. This indicates either short-
term or short-wavelength subsidence in a region that has risen at a rate of about
0.6 mm/yr for the last several hundred thousand years (Adams, 1984a, b).

The highest geologic uplift rates documented anywhere along the Cascadia
subduction zone occur near Cape Mendocino, California, in the region of the Gorda-
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Pacific-North America triple junction. Lajoie et al. (1983) report Holocene terraces
along a 40 km stretch that runs southward from Cape Mendocino. A flight of nine
emergent terraces and beachridges, uplifted as much as 16.8 m, have been reported
in the Cape Mendocino region and *C dates indicate a maximum uplift rate of 3.6
mm/yr (Lajoie et al., 1983). This would indicate an average repeat time of about
500 yr. However, the relationship between these beach terraces that lie near the
structurally complex triple junction and large subduction earthquakes along the
length of the subduction zone is unclear.

Turbidites. Adams (1984a) has suggested that extensive Holocene turbidites
studied by Griggs and Kulm (1970) may have been triggered by large earthquakes
along the continental shelf. Since the deposition of Mazama Ash 6,600 yr ago, there
have been approximately 16 major turbidites in the Cascadia channel, indicating an
average repeat time of 410 yr. Furthermore, there are hemipelagic layers of relatively
uniform thickness between the turbidites, indicating a relatively uniform repeat
time. Griggs and Kulm (1970) suggest that this time interval is controlled by the
sedimentation rate, with turbidity currents occurring spontaneously due to gravi-
tational instability. However, Adams (1984b) points out that several channels that
feed the main Cascadia channel have turbidity sequences comparable to that in the
main channel. He suggests this indicates the turbidites were synchronously triggered
in several independent channels and may be evidence for the recurrence of great
earthquakes every 400 to 500 yr. However, these channels lie within 50 km of each
other, and simultaneous turbidity currents may have been triggered by moderate-
size earthquakes in the continental margin.

Other evidence. Snavely (1986) reviews evidence of Cenozoic folding and faulting
in the continental margin of Washington and Oregon and concludes that several
major and numerous minor faults have been active in the Late Pleistocene and
Holocene. Upper Pleistocene abyssal sediments have been uplifted by as much as
1100 m along anticlinal ridges that are bounded by thrust faults in the outer
continental margin (Snavely et al., 1980). Snavely (1986) interprets the combination
of geologically active faults in the accretionary wedge together with a lack of historic
earthquakes as evidence for episodic activity of the main thrust zone. However,
Adams (1984a) suggests that these deformations may also be occurring through
steady aseismic creep.

Snavely (1986) also suggests that major coastal earthquakes may have triggered
major landslides. He cites archaeological evidence (Mauger and Daughert, 1979;
Samuels, 1983) that mudflows buried Indian structures at Ozette on the northwest
Olympic Coast about 800 y.b.p. and again about 350 y.b.p. Snavely (1986) also
suggests that multiple landslides at Lake Crescent adjacent to the Strait of Juan de
Fuca in northern Washington may have been triggered by subduction earthquakes.
A submerged tree that was probably transported by the youngest slide has a *C
date of 350 y.b.p. Unfortunately, the significance of these observations is unknown.
While it is highly probable that the occurrence of great subduction earthquakes
would trigger major landslides, it is also likely that major landslides would occur
even if major earthquakes never occur in this region.

Heaton and Snavely (1985) discuss legends of Washington coastal Indians that
were recorded in the 1860’s and that suggest the occurrence of a large tsunami along
the northwestern Washington coast. They suggest that a large prehxstonc subduc-
tion earthquake could be responsible for these legends.

Much of the evidence that we have presented is compatible with a simple model
in which the Cascadia subduction zone fails during great earthquakes with a repeat
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time of 400 to 500 yr. However, it is important to recognize that the logical structure
behind this hypothesis is quite weak, consisting of many poorly constrained infer-
ences and conjectures. Does this evidence clearly demonstrate that the Cascadia
subduction zone is locked? We don’t think so. Furthermore, this issue may remain
ambiguous for quite some time. Proving that the subduction process is aseismic
seems even more difficult since it requires that one prove that great earthquakes
have not occurred. While the 150-yr paucity of historic earthquakes supports this
alternative explanation, it may be very difficult to prove that prehistoric earthquakes
have not occurred.

HYPOTHETICAL CASCADIAN EARTHQUAKES

If the Cascadia subduction zone is locked, then what is the nature of the
earthquakes that may occur there? This question must be answered if we are to
provide estimates of the shaking and tsunami hazard from Cascadian subduction
earthquakes. However, we address this question under duress; the question is of
central importance, but our answers are clearly speculative. We present several
hypothetical earthquake sequences that may be plausible for the Cascadia subduc-
tion zone.

Completely aseismic zone with no interplate earthquakes. In this case, we assume
that slip along the entire boundary between the accretionary wedge and the oceanic
lithosphere occurs as aseismic creep. Although we need not worry about great low-
angle thrust earthquakes if this condition exists, we must still ask whether the
geologically recent faulting and folding observed within the accretionary wedge
(Snavely, 1985) has been associated with major earthquakes. Deformation of the
accretionary wedge often occurs simultaneously with great interplate earthquakes,
and there are not many clear examples where independent large earthquakes are
due to subsidiary faults in the accretionary wedge. The M 7.1 Mikawa earthquake
(1945) of southwestern Japan may be an example. This earthquake was locally very
damaging and occurred along a high-angle thrust fault in the near-coastal region
adjacent to the 1944 Tonankai earthquake (Richter, 1958).

Large-scale submarine landsliding or slumping along the continental slope may
also present a significant tsunami hazard even if large interplate earthquakes are
absent. Kanamori (1985) has suggested that the 1929 Grand Banks, Canada,
earthquake (Ms 7.2) and the 1946 Aleutian Islands earthquake (Ms 7.4) may be
best described as large landslides in the continental shelf. Despite its small surface
wave magnitude, the 1946 Aleutian Islands event generated one of the largest local
and teleseismic tsunamis in recent history (Abe, 1979). However, such events are
rare and poorly understood.

Mainly aseismic slip with isolated earthquakes of M < 8. This is thought to be the
situation for what is traditionally called “aseismic” subduction zones such as the
Bonins or Marianas. However, there are clearly many physical differences between
the Cascadia subduction zone and those of the Marianas’ type. If several earthquakes
of magnitudes less than 8 were the ultimate culmination of at least 150 yr of plate
convergence, then the Cascadia subduction zone would still be considered to be a
weakly coupled zone. If isolated moderate-size interplate events do occur here, then
one must wonder why isolated earthquakes of M 4, 5, or 6 have not already been
observed. Although there is no compelling reason to believe that this is the failure
mode of this subduction zone, our present understanding is too limited to allow us
to rule out a moderate-size (8 > M > 7) interplate earthquake anywhere beneath
the continental margin of the northwestern United States.
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Moderately coupled with earthquakes of M < 8}. This is the situation that seems
to exist for many world-wide subduction zones; northern Japan and central America
may be examples. However, the Cascadia subduction zone does not seem to fit into
this category. That is, a moderately high level of seismicity with earthquakes up to
M 8} is the distinguishing feature of these zones. Thus, the Cascadia subduction
zone’s historic quiescence seems to eliminate this category.

Strongly coupled with earthquakes of M > 8. We have seen that the Cascadia
subduction zone shares many features with other zones that are strongly coupled
and have experienced very large earthquakes. In this hypothetical situation, we
assume that interplate slip occurs only during great earthquakes. Based on our
observations of the Nankai Trough, Colombia, and southern Chile, we hypothesize
that the Cascadia subduction zone may experience either a sequence of several great
earthquakes, or alternatively, a single giant earthquake that ruptures the entire
zone. As proposed by Adams (1984a), the average recurrence time of 410 yr for
Cascadia basin turbidity currents suggests that the average repeat time for great
earthquakes is at least this long.

We can somewhat arbitrarily subdivide the Cascadia subduction zone into three
segments: the southern 250 km segment along which the Gorda plate is subducting;
the central 800 km segment from the Blanco fracture zone to the middle of
Vancouver Island along which the Juan de Fuca plate is subducting; and the
northern segment (250 km?) along which the Explorer plate may be subducting.
There is little dispute that the central segment is subducting, probably at about 4
cm/yr, but the kinematics of the northern and southern segments are less certain.
In the model of Nishimura et al. (1984), the Gorda plate is subducted at a rate of
3.3 cm/yr. However, models by Riddihough (1980) and Knapp (1982) suggest that
there may be significant complications introduced by internal deformation of the
Gorda plate. Riddihough (1984) suggests that the Explorer plate may have a hot-
spot rotation pole that is located within the plate itself. Nevertheless, according to
Riddihough’s model, the North American plate is overriding the Explorer plate at
arate of 2 to 3 cm/yr.

The width of the hypothetical locked zone is another important parameter about
which there is considerable uncertainty. The models of Lisowski et al. (1985) suggest
that, in northern Washington, the plate boundary may be locked from the coastal
region to the trench axis, a distance of about 120 km. This may be comparable to
the width of the locked zone encountered in southwestern Japan, southern Chile,
and Colombia. However, it is probably considerably less than that encountered in
Alaska and considerably greater than that encountered in Mexico.

The width of the locked zone may not correspond with the width of the rupture
zone of great subduction earthquakes. That is, coseismic rupture may extend beyond
the locked zone into the regions that experience aseismic slip (Kanamori and
McNally, 1982). The width of the rupture zone may be a function of the length of
the rupture zone as well as the width of the locked zone. For the present, we will
sidestep the issue of just how wide the rupture zone may be for Cascadia earthquakes.
Instead, we will consider the types of sequences that would cover the length of the
Cascadia subduction zone.

We begin by proposing that earthquakes on the Cascadia subduction zone are
analogous to those in the Nankai Trough. We have seen that the Nankai Trough
has repeatedly experienced sequences of great earthquakes that cover the 700 km
length of this subduction zone. Four or five earthquakes similar to the 1944 or 1946
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Nankai earthquakes (M, 8.1) would probably cover the length of the Cascadia
subduction zone. Such earthquakes may be closely spaced in time as has been the
case for many sequences in southwestern Japan. Larger earthquakes, such as the
1707 Hoei earthquake that apparently ruptured over a 700 km length of the Nankai
Trough, should also be considered as a possibility. As we have already discussed, it
is difficult to estimate the true size of the 1707 earthquake, but it seems likely that
it was at least in the M, 8.5 range. Convergence rates in southwestern Japan are
similar to those along the Cascadia subduction zone, and thus we might expect the
average repeat time of such sequences to be between 100 and 250 yr in the Cascadia
subduction zone.

Several earthquakes of the size of the 1906 Colombian earthquake (M, 8.8) could
also cover the length of the Cascadia subduction zone. Such earthquakes may have
rupture lengths of about 500 km.

Finally, the overall dimensions of the Cascadia subduction zone are similar to the
zone that ruptured during the 1960 Chilean earthquake (M,, 9.5). This is the largest
event recorded in this century, and thus, we consider it to be a reasonable upper
bound for hypothetical Cascadia subduction earthquake. Dislocations in an event
of this nature may exceed 20 m, and the repeat time would probably be at least 400

yr.

TSUNAMI POTENTIAL

If a great subduction earthquake were to occur along the Cascadia subduction
zone, then it is very likely that it would generate a large local tsunami. It is beyond
the scope of this study to attempt to predict tsunami run-up heights from specific
models of the source and coastal physiography. However, we can make several
general observations of tsunami run-up heights for great world-wide subduction
earthquakes. Figure 10, modified from a figure prepared by Abe (1979), shows the
maximum observed local run-up heights of various world-wide earthquakes for
which Abe calculated a tsunami magnitude, M,. Abe (1979) defines the M, scale to
be the logarithm of tsunami amplitude as measured at calibrated sites at great
distances. Abe (1979) shows that there is a close correspondence between M, and
energy magnitude M,,. Thus, Figure 10 is similar to a plot of maximum local run-
up height as a function of energy magnitude, M,. As is obvious from this plot,
maximum run-up height is not simply a function of earthquake size. Local tsunami
run-up heights often vary considerably along the shoreline adjacent to major
earthquakes, and the maximum run-up height may be several times the average
run-up height.

All of the regions that we considered to be possible analogs for the Cascadia
subduction zone have experienced large local tsunamis. The 1944 and 1946 Nankai
Trough earthquakes generated tsunamis that had maximum local run-up heights of
7.5 and 6.0 m, respectively, and the 1707 Hoei probably generated an even larger
tsunami (Lockridge and Smith, 1984). The 1906 Colombian earthquake also gen-
erated a large local tsunami that extensively damaged much of the coastal regions
of southwestern Colombia and northern Ecuador (Lockridge and Smith, 1984). The
1960 Chilean earthquake generated one of the largest well-documented tsunamis in
recent times with heavy damage occurring both locally (Sievers et al., 1963) and
also in Hawaii (Cox and Mink, 1963) and Japan (Yoshikawa et al., 1981). Although
the maximum local run-up may have been over 20 m (Lockridge and Smith, 1984),
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it seems likely that most coastal regions adjacent to the earthquake experienced
local run-up heights of less than 10 m (Sievers et al., 1963).

Tt is very difficult at this point to provide reliable estimates of the tsunami run-
up heights that may occur following any large subduction earthquakes along the
Cascadia subduction zone. However, run-up heights ranging from several meters to
several tens of meters have been observed along other subducting boundaries after
events of the type that we consider to be plausible for the Cascadia subduction
zone.
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F16. 10. Maximum local tsunami run-up heights as a function of Abe’s (1979) tsunami magnitude
which corresponds closely to energy magnitude M,, (modified from Abe, 1979).

CONCLUSIONS

Is slip along the Cascadia subduction zone a benign process, occurring slowly as
aseismic creep? Or alternatively, is elastic strain energy accumulating along this
zone, and if it is, what is the nature of earthquakes that may result? Unfortunately,
this study has not satisfactorily resolved these important issues. However, of other
world-wide subduction zones, the Cascadia subduction zone seems most similar to
southern Chile, the Nankai Trough, and Colombia, each of which have experienced
very large historic earthquake sequences. The length of the subducting margin along
the Cascadia subduction zone probably exceeds 1000 km, and if the zone is locked,
then earthquakes of very large size must be considered. Several observations seem
compatible with a model in which great earthquake sequences occur with an average
repeat time of 400 to 500 yr, but because of the nature of this data, we consider this
hypothesis to be highly speculative.
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Earthquake Hazards on the Cascadia

Subduction Zone

TaoMAs H. HEATON AND STEPHEN H. HARTZELL

Large subduction earthquakes on the Cascadia subduc-
tion zone pose a potential seismic hazard. Very young
oceanic lithosphere (10 million years old) is being sub-
ducted beneath North America at a rate of approximately
4 centimeters per year. The Cascadia subduction zone
shares many characteristics with subduction zones in
southern Chile, southwestern Japan, and Colombia,

where comparably young oceanic lithosphere is also sub-..

ducting. Very large subduction earthquakes, ranging in
encrgy magnitude (M,,) between 8 and 9.5, have occurred
along these other subduction zones. If the Cascadia
subduction zone is also storing elastic energy, a sequence
of several great earthquakes (M,, 8) or a giant earthquake
(M,, 9) would be necessary to fill this 1200-kilometer gap.
The nature of strong ground motions recorded during
subduction earthquakes of M,, less than 8.2 is discussed.

.Strong ground.motions from even.larger earthquakes.

(M,, up to 9.5) are estimated by simple simulations. If
large subduction earthquakes occur in the Pacific North-
west, relatively strong shaking can be expected over a
large region. Such earthquakes may also be accompamed
by largc local tsunamis. -

de Fuca, and Explorer plates are actively subducting along

the 1200-km-long Cascadia subduction zone in the Pacific
Northwest, there have been no large historic shallow subduction
earthquakes of the type experienced at most other subducting plate
boundaries. Is the Cascadia subduction process benign, with the
differendial plate mortion occurring through aseismic creep, or is the
zone storing elastic strain energy to be released in future great
subduction earthquakes? If the Cascadia subduction zone is storing
strain energy, how large might the carthquakes be, how often might
they occur, and what might the ground motions be? These are all
difficult, but vital, questions whose answers dramarically affect the
estimation of seismic risk in the Pacific Northwest.

D ESPITE COMPELLING EVIDENCE THAT THE GORDA, JUAN

Active Subduction in the Pacific Northwest

The geometry of the major plate boundaries and seismicirty in the
Pacific Northwest is shown in Fig. 1. A half-spreading rate of 3
cm/year was inferred for the Juan de Fuca ridge by Delaney ez al. (1)
who reported that 43 km of new oceanic crust has formed since the

The authors are geophvsicists associated with the Pasadena ficld office of the U.S.
Geological Survey, 525 South Wilson Avenue, Pasadena, CA 91106, and with the
California Institute of Technology, Pasadena, CA 91125.
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700,000-year-old Brunhes-Maruyama magnetic reversal. Nishimura
et al. (2) calculated a convergence rate of 3.5 to 4.5 cm/year across
the Cascadia subduction zone from sea-floor magnertic lineation
data. The suirability of this kinemaric model to present-day plate
motions is supported by work of Hyndman and Weichert (3) who
showed that historic seismicity is compatible with slip rates expected
from magnetic lineation data on all the plate boundaries of the
Pacific Northwest except on the Cascadia subduction zone. It seems
difficult to construct a model of plate motions that slips 5 cm/year on
plate boundaries both north and south of the Cascadia subduction
zone, but with no convergence on the subduction zone.

Subduction of Young Lithosphere

The oceanic lithosphere that is subducting beneath the Pacific
Northwest is very young, about 10 million years old (4): Several

. characteristics of the Cascadia subduction zone distinguish it from

most other worldwide subduction zones, and most of these can
auributed to the youthfulness of the subducted oceanic lithosph
More specifically, there is no significant bathymetric trench or larg
gravity anomaly for the Cascadia subduction zone. The sea floor
adjacent to the continental margin is only about 3 km deep, 2nd the
average heat flow is relatively high (5); both of these features are
directly amributable to the youth of the oceanic lithosphere (6).
Furthermore, although there is a distincr Benioff-Wadad seismicity
zone in the Pacific Northwest (7), it stops at a much shallower depth
than in most other subduction zones, extending to a depth of less
than 80 km.

Uyeda and Kanamori (8) suggested that the seismic coupling of
subducting plate boundaries (the fraction of plate slip that occurs
during earthquakes) is refated to the physical characteristics of the
plate boundary. Ruff and Kanamori (9) demonstrated that weakly
coupled zones tend to have slow subduction of very old oceanic
crust, whereas strongly coupled zones tend to have fast subduction
of young crust. Thev suggested that old lithosphere is dense and
subducts spontaneously with oceanward retreat of the wench and
subsequent opening of back-arc basins (Marianas type, weakly
coupled). Young, buoyant lithosphere tends to subduct only when it
is overridden by continental lithosphere, as is the case along much of
the western coast of North and South America (Chilean type,
strongly coupled).

Comparison of Cascadia with Other
Subduction Zones

Heaton and Kanamori (I0) pointed out thar the Cascagd
subduction zone has physical characteristics very different

those of the traditional “aseismic” subduction zone (weakly coup
Marianas type). Furthermore, they reported that the Cascadia

SCIENCE, VOL. 236
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subduction zone has many similarities to other strongly coupled
subduction zones (Chilean type). Heaton and Harrzell (11) con-
cluded that of all worldwide subduction zones, the Cascadia subduc-
tion zone scems most similar to those in southern Chile, southwest-
em Japan, and Colombia. Very young oceanic lithosphere is sub-
ducting in cach of these locatdons, and very large, shallow, thrust
carthquakes have occurred at cach of these other zones. Maps
comparing the geometries of the subduction zones in the Pacific
Northwest, southern Chile, and southwestern Japan are shown on
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Fig. 2. Comparison of subduction in southern Chile (A), Pacific Northwest

(B), and southwestern Japan (C). All maps are plotred on approximately the
same scale. Active spreading centers (heavy solid lines), sea-floor magneric
lineations (light solid lines), Quaternary volcanoes (solid triangles), and
fracture zones (F.Z.) are shown. Symbols on the magnetic lineadions refer to
the geomagnetic tme scale; lineation J is about 1 rmullion years, 5 about 10
miﬂionyears,éaboutZOnnlﬁ?nyeats,andmaboutsOmﬂlionynrs.Th:
approximate rupture areas o Japanese ecarthquakes and contours
(meters) of verncal dcfonmnonhr‘ea;oaatg;n with the §2 May 1960 Chilean
carthquake are also shown (15).

the same scale in Fig. 2, which shows the similarity of the overall
dimensions of these plate boundaries.

Kanamori and Astiz (12) have suggested that as the age of the
subducted plate approaches 0 years, we may cxpect increasing
aseismic slip to result from high temperatures at the subducting
boundary. Perhaps the Cascadia subduction zone is so hot that !
along this oundary is occurring as aseismic creep. Unfortunar
we do not know the age ar which this mechanism may beco
importanc. However, at other locadons where the youngest oceanic
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lithosphere is subducting (less than 5 million years in southern
Chile) (Fig. 2), major slip has occurred during great carthquakes

1).
'I One of the most remarkable features of the Cascadia subduction

zone is the striking paucity of historic shallow coastal seismicity.
Although this may indicate aseismic slip along the plate boundary,
the sections of the San Andreas faulc thac are currendy creeping have
a relatively high level of small carthquake seismicity, whereas the
sections of the fault that experienced great carchquakes in 1857 and
1906 are currendy devoid of any measurable activity. One explana-
tion for this behavior is that stress increases smoothly and uniformly
on fault zones that are coupled over large arcas, whereas numecrous
stress concentrations occur on faults having large areas thac undergo
ascismic slip. Heaton and Harwzell (I1) noted thac significant
periods of low seismicity have been observed ar subduction zones
similar to the Cascadia subduction zone, whereas subduction zones
of the Marianas type (mainly aseismic slip) show a low, but steady,
rate of seismicity. Heaton and Harwzell (11, pp. 697~698) stated
thar “although [the comparison study] does not prove that great
carthquakes will occur on the Cascadia subduction zone, it does
suggest thar it is inappropriate to assume thar grear carthquakes will
not occur based on observatdons of bathymerry, lithospheric age,
trench sediments, heat flow, convergence rate, physiography, overall
size of the subducted plare, Quaternary volcanism, or the rate of
background seismicity.”

Cascadia Subduction Zone-—Locked or
Unlocked? '

Although comparison of the Cascadia subduction zone with other
subduction zones leads us to believe thar there may be a potendal for
large subduction earthquakes, it would be far more sadstying to
have both direct evidence thar elastic strain is accumuladng and
evidence for prehistoric large earthquakes. Since the question of
large subduction ecarthquakes has been asked only recendy, the
search for direct evidence is still in a very carly stage.

Geodevic strasn. Savage et al. (13) and later Lisowski and Savage
(14) discussed Geodolite surveys made in the Seattle region from

. 1972 o0 1986 and triangulation surveys along the Scrair of Juan de

Fuca from 1892 to 1954. Their analyses indicate that both regions
show a maximum contraction in a direction that is nearly parallel to
the cast-northeast plate convergence direcdons ar rates of
0.03 = 0.01 and 0.2 = 0.07 microstrain per year for the Seatrde and
Strait of Juan de Fuca regions, respectively. Unfortunately, ambigu-
ity exists in the interpretation of the strains from the Seamtle
Geodolite network, at least partly because of a poor signal-to-noise
ratio (15). Repeated leveling surveys along much of the coastine
adjacent to the Juan de Fuca plate show uplift of the coast regions at
a rate of up to 3 mmj/year and subsidence of the inner coastal arcas at
a rate of about 1 mmy/year (16). Lisowski and Savage (14) showed
that the combined Geodolite, triangulation, and leveling data can be
explained by a model in which the shallow thrust zone is locked
between the trench axis and the coastal region. Coseismic extensions
ranging from 25 to 50 microstrain were observed in the central
valley of southern Chile for the 22 May 1960 Chilean carthquake
(17), and coseismic extensions from the 28 March 1964 Alaskan
carthquake ranged from about 15 microstrain in the inner coastal
areas to more than 50 microstrain in the outer coastal areas (18). At
the current strain rates, it would take several hundred to a thousand
years for comparabie strains to accumulate along the Cascadia
subduction zone.

Holocene shorelines. Holocene geomorphic and depositional fea-
tures often record the occurrence of greac subduction earthquakes.
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However, such features are relatively rare since they are preserved
only when there are high, long-term uplift races, large coseismic
uplifts, and moderate to low coastal erosion rates. From reviews of
the sparse literature on Pleistocene marine terraces, Adams (19)
reported relatively slow emergence and possible submergence for
most of the coastline of Washingron and northern Oregon. He
furcher reported moderate uplift rates of less than 1.5 mmyyear in
southern Oregon. Coastal crosion rates are high, and few, if any,
uplifted Holocene strand lines have been identified along the coast
of Washington and Oregon. The highest geologic uplift race (3.6
an/year) documented along the Cascadia subduction zone occurs
near Cape Mendocino, California, in the region of the Gorda—
Pacific~North America triple junction (20). A flighe of nine emer-
gent terraces and beach ridges has formed during the past 5000
years at Cape Mendocino (20), but it is uncertain whether these
terraces have any bearing on the problem of large subduction
carthquakes in the Pacific Northwest.

The lack of raised Holocene terrace in Oregon and Washingron
may be due to coseismic coastal subsidence, 2 commonly observed.
by-product of great subduction earthquakes. Most of the coastal
areas adjacent to the 22 May 1960 Chilean carthquakes subsided by
1 to0 2 m, whereas uplift occurred only ac the outer islands and at the
northern end of the rupture zone (Fig. 2). In a reconnaissance study
of Holocene relative sea levels on the Washingron coast, Atwater
(21) found evidence that a tidal marsh subsided suddenly near Neah
Bay (northwesternmost tip of Washingron) approximately 1100
years ago. He also found similar evidence for multiple jerks of
subsidence in the Willapa Bay region 200 km to the south. Atwater
(21) proposed that each jerk of subsidence may mark a great

" prehistoric carthquake on the Cascadia subduction zone.

Holocene turbidizes. Adams (4, 22) has that extensive
Holocene turbidites studied by Griggs and Kulm (23) may have
been triggered by large carthquakes along the condnental shelf.
Since the deposition of Mazama ash 6600 years ago, there have been
approximately 16 major turbidites in the Cascadia Channel, which is
consistent with an average carthquake repeat time of 410 years.
Adams (22) pointed out that two separate channels separated by 50
km, and that also feed the main Cascadia Channel, have turbidite
sequences comparable in number ro those seen in the main channel.
This seems to be evidence thar turbidity currents were simuitancous-
ly miggered in separate channels, perhaps by great subducton
carthquakes.

Historical records. Although first explored by Europeans in the late
1700s, coastal Washington had no permanent Caucasian settlements
undl 1810. There being no known written accounts of any event
thar can be interpreted as a grear subduction earthquake, it seems
uniikely thar any such events have occurred for at least 200 years.
However, a few legends of Washington coastal Indians suggest the
occurrence of a large sunami along the northwestern Washington
coast (24). There are also legends of large carthquakes and distur-
bances of the coastal waters from coastal Indians in northernmost
California (24). Unfortunately, these legends are too vague to
constitute proof that large subduction carthquakes have occurred.

Hypothetical Subduction Earthquakes

If the Cascadia subduction zone is locked, what sort of carth-
quakes may occur there? Although this question is central to the
assessment of seismic hazards, at this point our answers are specula-
dve. For simplicity, we assume that earthquakes on the Cascadia
subduction zone may resembie earthquakes on the subduction zones
that seem to be the most similar to the Cascadia zone—namely,
southern Chile, southwestern Japan, and Colombia. Heaton and
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Fig. 3. Pscudovelocity response spectra (5% damped) of horizontal components of ground motion for sites at distances between 50 and 100 km for large sub-
duction earthquakes. )

Harrzell (11) summarized historic carthquake actvity for these
subduction zones and chose several historic earthquake sequences
that they considered to be plausible for the Pacific Northwest if, in
fact, the subduction zone is locked. In the first scenario, a sequence
of four or five earthquakes similar to the 1944 and 1946 energy
magnitude (M,) 8.1 southwestern Japan earthquakes (Fig. 2)
would be sufficient to cover the length of the Cascadia subduction
zone. Such carthquakes might be closely spaced in time, as has been
the case for many sequences in southwestern Japan. Plate conver-
gence rates in southwestern Japan are comparable to those in the
Pacific Northwest. The average carthquake recurrence incerval in
southwestern Japan is about 180 years (25).

Another scenario calls for an earthquake similar to the 1906 M,,
8.8 Colombian carthquake. An average dislocation of about 5 m
over a rupture length of abour 500 km has been estimared for this
event (26). The section of the zone that ruprured in 1906 seems to
have ru again in a sequence of smaller carthquakes (1942,
1948, and 1979) whose moment sum is only one-fifth that of the
1906 event (26). The convergence rate at Colombia is abour 8
an/year, but the historic records are insufficient o allow an estima-
tion of the recurrence interval of great Colombian earthquakes.

The 22 May 1960 Chilean carthquake is the largest documented
carthquake of this century (M., 9.5). The rupture covered a length
of abour 1000 km and ruptured through many different segments of

3 (Kawsshima) -
3 J
[
. . 1
9 100 200 300 ] 100 200 300
Distance (km)

Fig. 4. Comparison of predictions of average peak ground motions obtained
by regression analysis of data from the southwestern United States (29) and
from Japan (31). Soil sites and 5% damping are assumed for the response

spectra,
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the South Chile subduction zone (Fig. 2). The dimensions of the
1960 rupture zone are comparable to those of the entre Cascadia
subduction zone (Fig. 2), and thus we consider the 1960 carthquake
to represent the largest earthquake feasible in the Pacific Northwest.
The convergence rate in southern Chile is about 9 an/year, and large
carthquakes also occurred in this.region in 1575, 1737, 1837, and
1960—an average recurrence time of about 128 years. However,
there is strong evidence that average dislocations of greater th

20 m accompanied the 1960 earthquake (17), and thus a r:curm’
interval of 128 years seems inconsistently short with respect to
long-term convergence rate. There is evidence that the 1960 carth-
quake may have been significandy larger than previous historic
events in this area (11). If carthquakes similar to dhe 1960 Chilean
carthquake do occur on the Cascadia subduction zone, their average
recurrence interval would probably exceed 500 years.

Rupture Process for Large Subduction
Earthquakes

We have argued that the very young age of the subducted
lithosphere in the Pacific Northwest may determine the seismic
coupling of the plate boundary. Is there a systematic difference with
the age of the subducted plate in the nature of seismic energy release
during subduction carthquakes? Harrzell and Heaton (27)
studied broad-band teleseismic P-waves from 63 of the largest
shallow earthquakes in the last 45 years. The carthquakes studied
occurred in 15 subduction zones with a wide range in the ages of
subducted lithosphere and represent a wide range of convergence
rates and maximum size of earthquakes. Harzzell and Heaton
derived teleseismic time functions in the period band from 2 to 50
seconds and characterized those functions in terms of roughness,
overall duration, muldplicity of sources, spectral slopes, and dura-
tion of individual pulses. These measures varied widely from one
carthquake to another, although ecarthquakes within the same
subduction zone seem to be similar. Comparing the time functions
with age, rate, and maximum M,, of the subduction zones does n
yield obvious global trends. These observadons indicate that i
ent differences are not expected in the nature of energy release _
carthquakes ar subduction zones that are similar to the Cascadia
subduction zone.
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Strong Ground Motions Observed During
LargI;gSubduction Earthquakes

Hearon and Harrzell (28) discussed the nature of sorong ground
motons that might be expected if large subducton earthquakes
occur in the Pacific Northwest. They assumed that gap-filling
earthquake sequences thar are similar to those already observed in
southern Chile, southwestern Japan, and Colombia may also occur
in the Pacific Northwest. The largest earthquakes in these sequences
range in size from M, 8 to M, 9.5. Swong motion records are
available for shallow subduction earthquakes as large as M,, 8.2, but
strong ground motions have not yet been recorded for larger
carthquakes. Hearon and Harzell assumed that ground motons
from M,, 8 earthquakes on the Cascadia subducrion zone would not
be systematically different from the motons recorded during M,, 8
carthquakes on other subduction zones. For earthquakes of M,, less
than 8.2, their approach is to simply construct suites of ground
motions that were recorded under conditions similar to those
existing at sites for which ground motion estimates are desired.

Heaton and Harwzell (28) collected 56 recordings of strong
ground moton from 25 shallow subducton earthquakes of M,, =
7.0 for their study. Pseudovelocity response spectra for ground
motons recorded in the distance range from 50 to 100 km are
shown in Fig. 3. They also prepared similar figures for other
distance ranges out to 300 km. One of the most striking features is
the large degree of scatter in the spectra for ground motdons
observed at similar distances and from similar sized carthquakes.
This scartrer is woublesome when it is necessary to estimate che
ground modon that a partcular site will experience. Even if che

carthquake magnitude and distance are known, the resulting ground -

motions are still uncerrain by a factor of 10. Much of this scatter can
be artributed to differences in the response characteristics of individ-
ual recording sites (28). Thus, refined estimates of ground motion
should be obtained by determining the site response from che
ground motions of small earthquakes. '

Another feature of ground mocdions recorded during large sub-
duction zone earthquakes is their large size at very large distances. In
Fig. 4, we compare ground motion levels for M., 7.9 earthquakes
predicted from regression analysis of carthquakes in the western
United Seates (29, 30) with those predicted from regression analysis
of large subduction carthquakes in Japan (31). At distances of more
than 50 km, ground motions from large subduction earthquakes are
expected to be far larger than those from large crustal earthquakes in
the southwestern United States. As can be seen in the response
spectral velocities ar 1 second, this effect is pronounced at periods of
concern to large structures. Unfortunately, the western United
States curves are uncerrain since there have been no strong motion
recordings from earthquakes of this size in the western United Seates
and these curves are exrapolations outside the data. Peak ground
accelerations and velocities for carthquakes of magnitude less chan 7
are not dramarically different for Japanese and western United Scates
carthquakes (32). The origin of the difference berween ground
motion estimates at large distances for large subduction carthquakes
and large crustal earthquakes in che southwestern United States is
not yet fully understood.

Simulating Ground Motions for Giant
Earthquakes

If che Cascadia subduction zone is strongly coupled, earthquakes
far larger than any of the events for which we have strong motion
records can be postulated. What might the ground motions look like
from a giant carthquake such as the 1960 Chilean carthquake? Its
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Fig. 5. Schematic drawing of the simulation of an carthquake similar to the
22 May 1960 Chilean carthquake (M,, 9.5) by the superpasition of 1978
Miyagi-Oki earthquakes (M., 7.5).

seismic moment is at least 100 times thac of che largest earthquake
for which we have strong motion data (33). Heaton and Hartzell
(28) simulated the ground motdons from gianc earthquakes (M., >
8.5) by summing records from smaller earthquakes in such a way
thac chey simulate the occurrence of larger earthquakes. That is, the
records from smaller carthquakes are used as Green’s functions, and
this technique is often referred to as the empirical Green’s functions
technique. A schemacic diagram of a model in which the 22 May
1960 Chilean ecarthquake is simufated by a collection of smaller
carthquakes, in this case che 12 May 1978 M,, 7.5 Miyagi-Oki
earthquake, is shown in Fig. 5. In this example, the 1960 Chilean
carthquake is simulated by the superposition of 120 Miyagi-Oki
carthquakes. Models of this type can be used to simulate teleseismic
P-waveform data as well as stcrong ground motions. Although there
are no strong motion records from giant carthquakes, there are
records of teleseismic P-waves (27, 28) that arc used to constrain the
modeling parameters used in the empirical Green’s functon tech-
nique. The teleseismic dara suggest that a large part of the seismic
energy associated with giant earthquakes is of very long period. This
very long period energy is outside the frequency band of earthquake
engineering interest. Heaton and Harwell (28) concluded chat
summing 120 Miyagi-Oki records simuiates short-period energy
from the 1960 Chiiean earthquake even though the ratio of the total
seismic moments for the two carthquakes is at least 1000:1.

The results of the empirical Green’s function simulations are
summarized in Fig. 6. These curves represent a best guess of the
average response spectral levels (5% damped) for horizontal ground
motions observed ar points located abour 50 km infand from the

-
~

Veiocity rasponse (cm/sec)
“

7 109 a7 3 ra2

Period (sec)
Fig. 6. Esdmates of the variadion in average horizontal ground mocdion
response spectra (5% damping) as a function of energy magnitude for sites
located 50 km infand from the coast. Scacrer of acrual dara abour mean values
may be similar to that in the data observed in Fig. 4.
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coast and for a variety of sizes of subduction earthquakes. Ground
motion estimates for carthquakes of M,, < 8 are based on the direct
observation of strong motion data, whereas the ground motions for
larger carthquakes are estimated by the empirical Green’s functions
technique. Large scatter abour these averages (about a factor of 2)
can be expected for suites of actual data. For the very largest
carthquakes, motions may be about 25% larger at coastai sites and
about 67% as large at sites in the Puget Sound. The duration of
strong shaking during such giant carthquakes is expected t exceed 2
minutes. Average peak acceleradons may be in the range of 600
an/sec? for coastal sites and 250 cmy/sec for Puget Sound sites.

Tsunami Hazards

All of the regions that we considered to be potential analogs for
the Cascadia subduction zone have experienced large local tsunamis,
The 1944 M,, 8.1 and 1946 M,, 8.1 carthquakes in southwestern
Japan generated local tsunamis that had maximum run-up heights of
7.5 and 6.0 m, respectively, and the 1707 southwestern Japan
carthquake (M,, > 8.5) probably generated an even larger tsunami
(34). The 1906 Colombian earthquake also generated a large local
tsunami that extensively damaged much of the coastal regions of
southwestern Colombia and northern Ecuador (34). The 1960
Chilean earthquake gencrated one of the largest tsunamis in recent
times, with heavy damage occurring both locally (35) and aiso in
Hawaii and Japan. Although the maximum local run-up may have
exceeded a height of 20 m, it seems likely that most of the coastal
regions adjacent to the carthquake experienced run-up heighes of
less than 10 m. If very large subduction carthquakes do occur in the
Pacific Northwest, they will almost cerrainly be accompanied by
tsunamis. It is difficult ac this point to reliably estimate the tsunami
run-up heights that may follow any large carthquake on the Cascadia
subduction zone. However, run-up heights ranging from several
.- meters to several tens of meters have been observed along other
subducring boundaries after events of the type that we consider o
be feasible for the Cascadia subduction zone.

Conclusions
Strong evidence exists for active convergence at about 4 cmfyear

on the 1200-km Cascadia subduction zone. Furthermore, the .

physical characteristics of the Cascadia subduction zone resemble
those of other subduction zones that have experienced large shallow
earthquakes. Even though there have not been large historic subduc-
tion carthquakes in the Pacific Northwest for at least 150 years, the
Cascadia subduction zone may be storing strain energy to be
released in future great earthquakes: If the Cascadia subduction zone
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is locked, a sequence of several great earthquakes (M., 8) or a giant
earthquake (M, 9) would be necessary to fill this gap. If great
subduction earthquakes occur, then reladvely strong shaking can
expected over a large area of the Pacific Northwest, includin,
Puget Sound and Willamette Valley. regions. Large and potem
destructive local tsunamis would be expected if large subduction
events do occur. Great earthquakes, such as those in southwestern
Japan or southern Chile, have caused grear damage over very large
regions. The suggestion of similar events in the Pacific Northwest is
disturbing.
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PLATE MOTION AND SEISMICITY

Hiroo Kanamori
Seismological Laboratory
California Institute of Technology
Pasadena, California
(Prepared for NEPEC meeting to be held in Seattle, April 2 and 3, 1987.
The material presented here is taken mainly from Kanamori and Astiz

(Earthquake Prediction Research, 3, 305-317, 1985) and Kanamori (Ann.
Rev. Earth. Planet. Sci., 14, 293-322, 1986)).

Since great subduction-zone earthquakes are ultimately caused by strain accumula-
tion due to plate motion, seismicity is expected to correlate with plate parameters such
as the absolute velocity, convergence rate, plate age, Benioff-zone dip angle, and the
length of the downgoing slab. In order to investigate this problem, it is necessary to
quantify the seismicity of each subduction zone. One difficulty is that the instrumental

data are available only for roughly the pa.é.t 80 years.

Ruff and Kanamori (1980) assumed that the level of seismic activity of an indivi-
dual subduction zone can be represented by the magnitude M, of the largest earthquake
recorded for that subduction zone. Implicit in this assumption is that at least one large
earthquake characteristic of each subduction zone occurred during this period. Ideally, it
is best to integrate the seismic energy released during the time period considered and
determine the energy release rate per unit time and length of the subduction zone.
Unfortunately it is difficult to do this accurately because of the lack of reliable data. In
an attempt to do this approximately, Ruff and Kanamori (1980) considered the overall
level of seismicity during the pre-instrumental period, and modified M,. The modified
magnitude, M,' , differs only slightly from M,, but it represents the overall seismicity of

subduction zones better than M,,.

Peterson and Seno (1984) carefully evaluated the magnitude and the seismic
moment values listed in various seismicity catalogs, and estimatcd the moment release

rate (MRR) per unit time and uait length slong the arc. Although coasiderable error is
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involved in converting the magnitude to the seismic moment, their estimates of the

moment release rate are the best presently available.

Figure 1 coméares MRR determined by Peterson and Seno(1984) with M,’ , deter-
mined by Ruff and Kanamori (1580) for various subduction zones. Since the division of
subduction zones is slightly different between the two studies, some adjustments are
made in this comparison, as explained in the figure caption. In general log(MRR) corre-
lates very well with M,’ , suggesting that M,' is a good parameter to represent the
level of seismicity in each subduction zone. The regression line shown in Figurel gives
MRR = 10" *'*2 dyne-cm/(100 km-100 years). In this sense, it is more appropriate
to interpret M, as a parameter that represents the rate of seismic moment release

rather than as the magnitude of the characteristic earthquake in the region.

Ruff and Kanamori (1980) correlated M, (or M,' ) with various plate parameters.
For example, Figure 2a shows the relation between M,' and the plate convergence rate
V. In general, as the convergence rate increases, one would expect stronger inter-plate
interaction and, therefore, higher seismicity. Although Figure 2a shows a generally posi-
tive correlation, the scatter is very large, suggesting that other factors are also important
in controlling seismicity.

Another important plate parameter is the age of the subducting plate. Since the
older plat?s are more dense, they have a stronger tendency to sink spontaneously,
thereby decreasing the strength of mechanical coupling (Molnar and Atwater 1978, Vlaar
and Wortel 1976, Wortel and Vlaar 1978). Figure Zb shows the relation between M,'
and the age of the subducting plate T. The correlation is negative, as expected, but the
scatter is very large suggesting that the plate age is not the sole controlling factor of
seismicity.

Figure 2 suggests that the convergence rate, V, and the plate age, T, together
might be controlling seismicity. Ruff and Kanamori (1980) performed a three-parameter

regression analysis in the form, M, = aT+bV+c, where a, b, and c are constants.
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Using the data listed in table 1 of Ruff and Kanamori (1980), they obtained a relation,
M,' = —0.00953T+0.143V+8.01 (1)

where T is in million years and V is in cm/year.

Figﬁre 3 compares the observed M,’ with that calculated from T and V through
(6), showing a good correlation between the observed and calculated M,' . Also note
that the subduction zones with active back-arc opening plot in the lower-left corner of
Figure 3, showing good correlation between low seismicity and back-arc opening. Ruff
and Kanamori (1980) tried similar correlations between M, and other plate parameters.
They found that among all the three-parameter combinations considered, the M,' -T-V

combination yields the best correlation.

It should be noted that (6) i.s obtained empirically without any particular physical
model. It is possible that other parameters are equally important. For example, Uyeda
and Kanamori (1979) and Peterson and Seno (1984) suggest that the absolute velocity of

the upper plate is important in determining the strength of plate coupling.

In any case, despite the lack of clear physical models, (6) provides a useful scheme
which allows interpretation of global seismicity in terms of a simple plate interaction

model.
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Juan de Fuca Subduction Zone

The Juan de Fuca subduction zone has a relatively slow convergence rate of
about 3.5 cm/year and a very young, 15 M years, subducting plate (Figure 4).
Empirical relation (1) predicts an M', of about B.4 for these values of V and T

(Heaton and Kanamori, 1984).

The empirical relation between the fault area S and the seismic moment M,

is given by (Abe, 1975; Kanamori, 1977a),
M, = ¢SV2 (2)

where ¢ =123x10dyne/ cm? is a constant. Combining this with

M, = uDS (u : rigidity , D : average slip) we obtain
D = (¢2/3/ uNg/® (3

Using u =5 x 10! dyne / cm?, a typical value for subduction zone boundaries,

we obtain
D=¢Mg/3 (@)
or, by using the moment-magnitude relation, logMy = 1.5 My + 18.1,
b= (mo.sil,n.s? (47)

where ¢ =1.1x 1077 dyne"¥3cm?%? is a constant. Equation (4”“) predicts an
average seismic slip of 4.4 m for an M',=B.4 earthquake such as suggested for

the Juan de Fuca subduction zone. This would indicate a. repeat time of 126

years if the slip at the plate boundary is completely seismic, or 420 years if only

307 of the plate motion is taken up by seismie slip.
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The empirical relations used above are subject to considerable uncertainty
and the predicted values of M, and D should not be taken at face value. This is
especially true for the Juan de Fuca plate because V and T for this region are not

within the range of values originally used to establish empirical relation {1).

Since the subduction zones used to determine (1) have a
subducting plate older than 10 My, there is some question as to whether (1) applies to
the very young Juan de Fuca plate. A recent study by Singh et al. (1985), however,
demonstrates that the 1932 Jalisco, Mexico, earthquake ( M, = 8.2) occurred on the
boundary between the very young (9 My) Rivera plate and the North American plate.
This boundary is geometrically similar to that between the Juan de Fuca plate and the

North American plate.

The Ratio of Seismic Slip to Plate Motion

Another important element in the long-term prediction of earthquakes is
the repeat time. In principle, if the convergence rate V, average slip of the
characteristic earthquake D, and the ratio of seismic slip to total plate motion 5

are known, we can calculate the repeat time T by

T=D/nV (5)
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Although V and D are known reasonably well for various subduction zones, a
large uncertainty is involved in 7. For some subduction zones, such as South
Chile, Kurile, N.E. Japan, Mexico and the Marianas, estimates by different investi-
gators agree reasonably well. Kanamori (1977b) obtains = 1.0, 0.25, 0.04 and
0.0 for Chile, Kurile, N.E.Japan and the Marianas respectively. Peterson and
Seno’s (1984) estimates are 0.36, 0.24 and 0.01 for the Kuriles, N.E.Japan and
the 1zu-Bonin-Marianas respectively. Sykes and Quittmeyer (1981) calculate 7
using Shimazaki and Nakata's (1980) time predictable model, and obtain n =
0.62 to 0.91, 0.30 to 1.05, 0.29 to 0.38 and 0.32 to 0.56 for Chile, Kuriles, N. Japan

and Mexico respectively.

However, for some other subduction zones, the estimate of n is very uncer-
tain because of either the lack of reliable historical data or the variable rupture
length of large earthquakes at a given subduction zone. The latter problem is
best illustrated by earthquake sequences observed along the Nankai Trough
(Southwest Japan), the Ecuador-Colombia Coast, and the Aleutian Islands. For
the Nankai Trough, as demonstrated by Imamura (1928) and Ando (1975), a long
segment broke in a single large earthquake in 1707 and in two large events
spaced closely in time in 1854, while the same segment broke in two smaller
earthquakes in 1944 and 1946. For the Ecuador-Colombia coast, the rupture
zone of the great 1906 earthquake has been ruptured in three smaller earth-

quakes that occurred in 1942, 1958 and 1979 (Kanamori and McNally, 1982).

In these cases, the estimate of the repeat time 7 and 7 is very uncertain.
Here we use a simple model described by Kanamori and McNally (1982) and Astiz

and Kanamori (1984) to define and estimate 1.

We model an interplate boundary at subduction zones by a distribution of
discrete stress patches, here called asperities. The area S of an asperity deter-

mines the seismic moment M, of the earthquake that occurs as a result of
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failure of the asperity. Simple scaling relations similar to (2) suggest a relation
M, = S¥2if each asperity breaks independently. Several historical sequences of
great earthquakes (e.g. Nankai Trough events and Ecuador-Colombia events
mentioned earlier) suggest that occasionally more than one asperity break
simultaneously and produce an event larger than expcted by failure of single
asperity. Kanamori and McNally (1982) show that for the Ecuador-Colombia
sequence, the seismic moment of the event that involves multiple asperities is
significantly larger than the sum of the moments of the event associated with
each asperity. They suggest that the effective width of the rupture zone varies

from sequence to sequence even at the same location.

In many of the previous studies, the width of the rupture zone is assumed
constant both in time and space. 'fn this case the .ratio of seismic slip to total
plate motion 7 is defind by

- z(Moi/ Si) - E(Mci/l‘i)
T="uvt T awwe (6)

where t is the total length of the time period studied, W is the constant fault
width, Ly is the fault length and M,; is the seismic moment of the i-th event. The

summation is taken over all the events during the time period t.

In contrast, if the effective fault width is not constant, the fault area of the

i-th event can be estimated by (2):
Sy = £¥/NY? (7)

Substituting this into (6), we obtain

2/3 MY/3 8)
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We define the average moment, M, by
W=[5T MyoP (9)

where N is the number of events during t. Using the magnitude-moment relation

log M, = 1.5 M, + 18.1, we revwrite (9) in terms of the magnitude
¥, = 2log [ - 10°"] (10)

where M, is the average magnitude and M, is the magnitude of the i-th event.

Using (é). (9) and (10), we obtain

2/3 /3
n= f;ang,a = iwloo'sn'*aa (11)

where 7 is the average repeat time.

To accurately estimate M, and 7, several sequences of great earthquakes
for an individual subduction zone are needed. Unfortunately, for most subduc-
tion zones, only two sequences are known; consequently estimates of M, and 7
are very uncertain. If the seismic moment of the events is the same from
sequence to séquence. (11) is identical to the conventional formula (68). How-
ever, if the size of the event is different from one sequence to another, (11)

yields a value different from that obtained by the conventional method.

Although the model is obviously oversimplified, we use it to handle the
situation where the size of the event is significantly different from sequence to
sequence. Table 1 shows the results for various subduction zones. The details of

the calculation for the individual events are given in the footnote.

Figure 5 shows the values of  as a function of the age of the subducting
plate T. Although it is quite possible that the value of n depends on various

other factors such as the convergence rate, upper plate velocity, roughness of
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the oceanic and upp\er plate, and the thickness of the sediment, Figure 5 shows
only the eflect of T on 7. Because of the very limited seismicity data, this result
should be considered tentative. Nevertheless it is interesting to note that sub-
duction zones with a relatively young subducting plate, ranging from 20 to 80 M
years, have a value of 1 very close to 1, indicating that interplate slip is predom-
. inantly seismic. For subduction zones with a very old plate, such as the Maria-
nas and N. Japan 7 is very small indicating that the plate is almost decoupled.
The two largest normal-fault eartiiquakes. the 1933 Sanriku earthguake
(Kanamori, 1971) and the 1977 Sumbawa earthquake (Stewart, 1978; Given and
Kanamori, 1980), occurred in plates 120 to 140 M years old indicating that these
events may be due to plate decoupling. Here, our main interest is in subduction
zones with a very young (0 ~ 20 M y;ars) plate. The Mexican subduction zone is
such an example., For Mexico, the results of several investigators, including
Sykes and Quittmeyer (1981) and Astiz and Kanamori (1984) all indicate that 7 is.

about 0.5.

Since the interplate deformation is most likely to be aseismic as T = 0, one
would expect a value of n that is significantly smaller than 1 for T less than 20 M
years. The dotted curve in Figure § roughly indicates the trend exhibited by the
data. If this trend is applicable to all the subduction zones, the Juan de Fuca
subduction zone (T ™~ 10 to 15 M years) may have a relatively small value of 7,

around 0.3.
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TABLE - 1

Rupture Zone M, V.cm/year T year n T.My
Chile, 19680 9.5 11.1 123 1.0 20
S.W. Japan 8.4V 3.8 119 0.88 25
Aleutian, 19685 8.5 8.5 59(2) 0.89 80
Colombia, 1979 8.8® 7.7 73 0.89 20
Kamchatka, 1952 9.0 9.3 215@) 0.40 B0

or 111 0.77
Oaxaca (Mexico) 7.75 7.3 51 0.51 10.~15
Tokachi-Oki, 1968 8.2 10.4 100 0.31 120
Tohoku, Japan 7.75 9.7 ~ 800 0.033® 130
Mariana 7.2 5.0 ? 0.008(®) 150

(1) M, = 8.1 for 1944 and 1946, and M, ~8.6 for 1854 and 1707 are used.

(2) M, = B.7 for 1965 and M, = 8.2 for 1908 are used.

(3) M, = 8.2 for 1979 and M,, = 8.8 for 1906 are used.

(4) The activity prior to 1952 is uncertain. The events in 1737 and 1841 may be

?imila)x; to the 1952 event (see Lay et al. (1981) and Sykes and Quittmeyer
1981)). -

(5) See Kanamori (1977b).

(8) Estimates by Seno and Eguchi (1983)
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Figure Captions

Figure 1

Figure 2

Figure 3

The relation between the seismic moment release rate, MRR, (in 107 dyne-
cm/(100km-100years) ) and M,' . The data are taken from Peterson and
Seno (1984) and Ruff and Kanamori (1980). Peterson and Seno’s regionali-
zation of the subduction zones is modified as follows (the first and the
second names in the parentheses refer to Peterson and Seno’s, and Ruff and
Kanamori’s respectively). (Peru-south, Peru),(average of Central America
and Mexico, Central America), (Aleutian-east and Aleutian-west, Aleutian),
(Nankai, S.W.Japan), (Japan, N.E.Japan).

(a) The relation between convergence rate, V, and M,’' . The inter-arc
spreading is not included in the calculation of V. (b) The relation between
the age of the subducting slab and M,' . For both (a) and (b), the data are
taken from Ruff and Kanamori (1980), and the closed and open symbols
indicate subduction zones with and without active back-arc opening.

The relation between M,' calculated from T and V using the relation M,’
= -0.00953T+0.143V+8.01 and the observed M,' . Closed and open sym-
bols indicate subduction zones with and without active back-arc opening.

Figure 4 Schematic figure showing the plate geometry of the Juan de Fuca

subduction zone. Triangles indicate active volcanoes.

Figure 5

The ratio of seismic slip to total plate motion, as a function of the age of
the subducting plate (after Kanamori and Astiz 1985). Two largest lithos-
pheric normal-fault earthquakes, 1933 Sanriku and 1977 Sumbawa earth-
quakes, occurred in the lithospheres of 120 and 140 My old.
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Introduction

In this summary we will highlight recent developments in understanding the structure and
seismicity of the Cascadia subduction zone. High quality hypocenters have been combined with
structure interpretation from receiver functions, refining our understanding of the structure of the
subducted slab beneath western Washington. Constraints on slab structure from refraction and
deep reflection profiles to the north (British Columbia) and south (Oregon) have also been utilized.
Supporting evidence is found in an analysis of focal mechanisms. More complete review of the
literature as well as detail of our analysis will be found in the published literature or articles in
preparation for publication. (Crosson and Owens, 1987; Owens and Crosson, 1987; Owens et al.,
1987; Ma et. al., 1987; Crosson et. al., 1987).

Seismicity and Structure

Seismicity has been an important factor in the analysis of the structure of subduction zones.
Mapping out the variations in Benioff zone structure, for example, has been used to determine
slab shape. In the case of the Cascadia subduction zone (CSZ), seismicity is only helpful in the
vicinity of the Puget Sound region of western Washington where significant slab seismicity is
found. Fig. 1 from the NOAA catalog shows the major activity of the Juan de Fuca (JDF) plate
and vicinity. At the level of this catalog, the majority of the subduction zone is quiet, having
activity in neither the overlying continental plate nor the subducted slab. No topographic trench is
evident, but the hingeline of the subducting Juan de Fuca plate parallels the coast of Washington
and Vancouver Island. Fig. 1 illustrates the change in direction of the CSZ from nearly NS along
the Oregon margin to N30E along Vancouver Island. This feature requires a deformation of the
subducting JDF plate merely from geometrical considerations (Rogers, 1983). Such deformation
could be accommodated by plate arching (Dickenson, 1970), crinkling (Rogers, 1983), or tearing
(Michaelson and Weaver, 1986).

Refraction and deep reflection have revealed the slab configuration at a few places along the
CSZ. Fig. 2 is a key refraction profile from Taber, 1983. This profile was obtained on the Wash-
ington margin at a point near Grays Harbor. In Taber’s interpretation the slab dip is about 10°
eastward. However, the actual data (circles at top) suggests a slightly larger dip. An adjusted dip
of 16° is required to fit the data exactly, suggesting that the initial slab dip is somewhat steeper
than interpreted by Taber (1983). Similarly, Lithoprobe studies (Green et al., 1986) in Vancouver
Island and COCORP studies in Oregon (Keach et al., 1986) indicate slab dips in the range of 15-
20° normal to the ‘‘trench’’ (note that there is no physiographic trench along the CSZ). To exam-
ine what the seismicity tells us about the slab structure beneath Puget Sound, we have selected a
subset of the most accurately located hypocenters. These are described in the more detail else-
where (Crosson and Owens, 1987). Since depth control is critical to our interpretation, we show
the depth standard errors computed for the approximately 5,000 selected earthquakes in Fig. 3.
Events with standard depth errors greater than 4 km were excluded. The resulting distribution has
relative uncertainties small enough to ensure accurate delineation of structure at the regional scale.

Fig. 4 shows epicenters of all selected earthquakes. Active zones in the St. Helens and Mt.
Ranier regions are apparent. These are mostly shallow crustal ( £10km depth)events. The scat-
tered clusters in the central Puget Sound region are at both crustal (continental plate) and

092




subcrustal (subducted JDF slab) depths. Much detail is of course lost at this scale. Fig 5 is an
EW cross section showing hypocenters of all earthquakes in the selected set. Clear separation is
evident between the continental and slab activity. To the best of our present knowledge, virtually
all of this activity is intraplate as opposed to interplate. No earthquakes of any size have been
located to date which can be identified with slip on the megathrust separating the North American
(NA) and JDF plates. We suggest that the megathrust lies in the quiet zone between the two dis-
tinct earthquake zones in Fig. S.

To gain further insight into the slab earthquake distribution, a series of N-S cross-sections
have been constructed. Fig. 6 shows selection corridors and Fig. 7 shows the corresponding
cross-sections. All cross-sections are 1:1 vertical exaggeration, and north is to the right. Panels
E-E’, F-F’, and G-G’, which pick up the slab earthquakes starting from the eastern side, show
clear evidence of a gentle upward arching of the slab. We have constructed paper and metal ana-
log models to explore what shapes the slab might take to minimize surface areal strain while
accommodating the change in trench direction. These models indicate that an upward arch quali-
tatively similar to the model proposed by Dickenson (1970) is reasonable. We believe that the
hypocenter date provides direct evidence for this structure.

Strong confirmation of the arch structure comes independently from work we have carried
out using broadband stations south of the Olympic Mountains (Owens and Crosson, 1986). An
eastward plunging arch in the subducted slab would produce slab dips to the southeast on the
south flank of the arch. South of the Olympic Mountains at point A of Fig. 12, we have detected
dips to the southeast of magnitudes consistent with the arch hypothesis. Fig. 8 shows the princi-
ples used to interpret broadband teleseismic P waveforms recorded on our temporary stations. At
the top of Fig. 8, we see the effect of P waves arriving updip versus those from downdip direc-
tions for a 20° assumed slab dip. Downdip amrivals are nearly normal to the major velocity
discontinuities in the slab (e.g., subducted oceanic Moho) and thus produce little Ps conversion.
Updip arrivals, by comparison, efficiently produce Ps conversions which may be detected in
source-equalized radial seismograms (i.e. receiver functions; Owens et. al.,, 1987). At the bottom
of Fig. 8 theoretical and actual receiver functions illustrate this effect. Fig. 9 is a sensitivity study
calculated by Tom Owens for a hypothetical dipping slab. It shows how the Ps phase off of the
dipping oceanic Moho is particularly sensitive both in arrival time and amplitude to the direction
of wave arrival. Fig 10 shows how this effect was modeled at our initial western Washington site
for the two main backazimuths (SE and SW) for which data were obtained. (see Owens and Cros-
son, 1987; Owens et al, 1987).

To construct contour maps on the dipping slab, we utilized both seismicity and the single
broadband datum. We made the assumption that the top of the seismogenic layer was approxi-
mately the subducted oceanic Moho. This assumption produced the geometrically most satisfac-
tory results, but if incorrect will not drastically change our results. Fig. 11 shows how the 50 km
contour was constructed. Epicenters of earthquakes in the 45-50 km depth range were plotted
along with strike and dip of the 37 km deep Moho datum determined from broadband data.
Assuming eastward dip of the slab, the eastward edge of the epicenter pattemn is contoured
smoothly to reflect the arch structure. Fig. 12 shows the result including the broadband datum at
point A and the epicenters of two large slab earthquakes, the 1949 magnitude 7.1 and the 1965
magnitude 6.5 Puget Sound earthquakes. The ‘‘trench’’ or slab hingeline location is shown
approximately at the left of Fig. 12. This slab configuration reflects the dip results from
Lithoprobe to the north and COCORP (central Western Oregon) to the south of Puget Sound.

Discussion

Both the slab intraplate seismicity and the adjacent continental seismicity are concentrated at
the location of the slab arch. This strongly suggests that the structure controls or induces earth-
quakes near or on the arch but that the ‘‘normal’’ parts of the subduction zone away from the arch
are typically quiet or nearly aseismic. A few apparent slab earthquakes have been detected in
southen British Columbia, southwest Washington, and western Oregon, but the rate of activity
appears to be low for these regions. '



Within the subducted slab, the arch may serve to localize seismicity by either concentrating
plate bending stress, or by changing pressure and temperature conditions sufficiently in the slab to
produce earthquakes. For example, along the axis of the arch, slab material stays cooler at lower
pressure for relatively longer periods of time, possibly keeping the slab in the brittle regime.
Along the ‘‘normal’’ sections of the CSZ, the slab which is already young and relatively hot
before it begins to subduct rapidly reaches the brittle-ductile transition and becomes aseismic.
Also, the slab may be subjet to less internal deformation along these normal sections.

Concentration of seismicity in the North American plate above the slab arch is more difficult
to explain. If the NA plate is in relatively uniform compressional stress along the entire CSZ,
then one possibility us that the arch locally reduces the elastic thickness of the lithosphere above
the arch, producing a stress concentration. This idea is generally consistent with our study of
focal mechanism data (Ma and Ludwin, 1987)

Fig. 13 shows a comparison of P and T aces from continental and slab earthquakes. There
is clear evidence of stress decoupling between these two sets of earthquakes. The continental data
are consistent with average NS compression (both thrust and normal mechanisms). Slab earth-
quakes by contrast indicate P axes dominantly vertical (normal mechanisms) with T axes scattered
to the NE and SE. Fig. 14 shows a set of directions to slab T axes according to their epicenter
locations. There is a suggestion, although not clear, that these axes are oriented sub-normal to the
main axis of the arch suggesting direct structural control by the slab geometry.

In summary, we believe that through the combination of several observations a first order
picture of an uparched structure in the subducted JDF slab is emerging. This structure appears to
be important in controlling slab seismicity, and promises to be of major significance to earthquake
hazard estimation both from a purely geometric point of view and from the point of view of
understanding the physical conditions and tectonics of the CSZ.
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Figure 1. Map view of major seismicity related to the Juan de Fuca plate.

Events from the
NOAA catalog with magnitudes given as 3.0 or larger are included.
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Figure 4. Epicenters of selected earthquakes in western Washington, 1970 - 1986. One symbol

size is used for all events, regardless of magnitude. Criteria for selection: no known or
suspected blasts, at least six P readings, one or more S readings, RMS residual less
than 0.5 seconds, standard error in depth < 4.0 km, horizontal standard error < 5.0
km, azimuthal gap < 180°, and distance to the nearest station < 50 km.
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Figure 6. Map view showing selection regions for 12 cross-sections in Fig 7.
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Figure 7. South to North cross sections of selected western Washington earthquakes (from Figs. 4 and
5). No vertical exaggeration, looking west; north is to the right.
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Figure 8. Top: Schematic cross section of a broad-band experiment to record P to S energy
conversions arising from teleseismic P waves impinging on a subducting slab. Rays
coming from down-dip direction will produce efficient P to S conversion, while rays
coming from up-dip will produce less efficient conversion.

Bottom: Theoretical and actual examples of receiver functions illustrating the effect

described above.
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effect of azimuth of teleseimic arrival relative to direction of slab dip.
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Figure 10. Results of receiver function modeling at one station in the Satsop network. Two back
azimuths are shown. Dotted traces represent the average of stacked data, with path
and source effects removed by deconvolution. Solid traces represent response to a
theoretical slab model at 37 km depth beneath the array dipping at 25° at an azimuth
of 125°.

106



45-50 km

126.00 120. 00
<+ + + 49. 00
+ + L
+ + g
+ + -
45.00 - - . ' - 45.00
126.00 120. 00

oLt 1 1 1 1 1 4 1 1 1200Km

Figure 11. Construction of the SO km depth contour of the subducted Juan de Fuca plate. Epi-

centers of earthquakes in the 45-50 km depth range are shown. The strike, dip, and
depth (37 km) of the subducted Moho at the southemn end of the Olympic Peninsula
have been determined from broadband data. The eastward edge of the epicenter pat-
tern is smoothly contoured.
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Figure 12. Preliminary depth contour map of the Moho in western Washington. Contour interval
is 10 km. Point A is the position of the datum obtained from broadband network
experiment. Epicenters of the 1949 and 1965 major slab earthquakes are shown with
open hexagons. Langston’s (1985) revised location of the 1949 earthquake is used.
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Figure 13. Lower hemisphere equal area stereo projections showing P and T tectonic axes for
' focal mechanisms of selected earthquakes in western Washington. ‘Continental’
events are shallower than 35 km, while ‘Slab’ events are 35 km or deeper. Only

events with Quality ‘BC’ or better which had at least 9 polarities are included.
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GEOMETRY OF THE JUAN DE FUCA PLATE FROM SEISMICITY AND SEGMENTATION
OF THE CASCADE RANGE BASED ON THE DISTRIBUTION OF VOLCANIC VENTS

Presentation Before the National Earthquake Prediction Evaluation
Council Meeting in Seattle, Washington, April 2, 1987

Craig S. Weaver
U.S. Geological Survey
at Geophysics Program AK-50
University of Washington
Seattle, Washington 98195
(206) 442-0627 or 399-0627 FTS

My comments before the meeting were taken from two papers that have been sub-
mitted to journals. The first portion of my talk concerned the geometry of the Juan de
Fuca plate beneath Washington and northern Oregon and all of these slides are from the
paper ”Geometry of the Juan de Fuca plate beneath Washington and north Oregon from
seismicity” by C. S. Weaver and G. E. Baker (copy attached). This paper has been
accepted for publication in the Bulletin of the Seismological Society of America subject
to final approval of the editor. The second half of the talk concerned the segmentation
of the Cascade Range using the pronounced differences in the distribution of late Ceno-
zoic volcanic vents. The slides I showed were from the paper "Distribution of late Ceno-
zoic volcanic vents in the Cascade Range (USA): Volcanic arc segmentation and regional
tectonic considerations” by M. Guffanti and C. S. Weaver (copy attached). This paper
has been submitted to the Journal of Geophysical Research. 1 concluded my talk by
suggesting that the segmentation of the volcanic arc is related to changes in the
geometry of the Juan de Fuca plate, and hypothesized that the volcanic arc segments
would define the lateral extent of great subduction zone earthquakes on the interface
between the Juan de Fuca and North American plates (see Figure 6 of the paper by
Guffanti and Weaver).
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University of Washington
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ABSTRACT

Earthquake hypocenters within the subducting Juan de Fuca plate beneath Wash-
ington and northern Oregon are interpreted as showing that the direction of plate dip
changes from northeast beneath the Puget Sound region to east-southeast beneath
southwestern Washington. The shallowest hypocenters within the Juan de Fuca plate
are between 30-40 km depth, and the distribution of these events strikes north-northeast
from near the mouth of the Columbia River to the northern Olympic Mountains. The
distribution of hypocenters between 40-50 km generally strikes parallel with the shal-
lowest events, but shows a significant broadening beneath the eastern Olympic Moun-
tains and Puget Sound. Events with depths greater than 50 km south of the 1965 Seat-
tle earthquake (mb=6.5) strike north-northeast, approximately parallel with the shal-
lower distributions; however, north of this event the distribution of these deeper hypo-
centers strikes northwest. This change in the distribution of earthquake hypocenters
results in an upward arching of the Juan de Fuca plate beneath Puget Sound compared
with the depth of the plate beneath southwestern Washington. The T-axis calculated
for the 1949 south Puget Sound earthquake (Ms=7.1) is oriented to the southeast, and
the 20° plunge of the T-axis is in good agreement with the plate dip angle determined
from the earthquake hypocenters. We conclude that the 1949 earthquake resulted at
least in part from down-dip tensional forces within the subducting Juan de Fuca plate.
One consequence of the change in the direction of plate dip is that volcanic front in

Washington is everywhere perpendicular to the dip of the Juan de Fuca plate.




INTRODUCTION

The geometry of subducting plates is usually inferred from the locations of Benioff
zone earthquakes. But in the Pacific Northwest, the geometry of the subducting Juan de
Fuca plate has been difficult to resolve because of the limited number of Benioff zone
earthquakes and the limited volume over which these events have been located. The
most active portion of the Benioff zone is beneath the forearc of northwestern Washing-
ton, where several large magnitude earthquakes, including the 1949 south Puget Sound
(MS=7.1) and the 1965 Seattle (mb=6.5) earthquakes have occurred (Figure 1). This is
an area where the plate geometry is expected to be complex, as the 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
subducting plate encounters the convex face of the continental plate. Rogers (1983b)

commented extensively on possible models of the Juan de Fuca plate in the bend region.

Previous studies of the seismically active volume of the Juan de Fuca plate have
shown that the Benioff zone earthquakes are occurring within the oceanic mantle of the
subducting plate and not at the interface with the overlying North American plate
(Smith and Knapp, 1980; Rogers, 1983a; Taber and Smith, 1985). Most of these earth-
quakes have been located beneath northwestern Washington, and these intraplate earth-
quakes show a shallow dip of about 11° landward from the coast to the Puget Sound

region (Crosson, 1983; Taber and Smith, 1985).

The installation of additional seismographic stations in 1980 both along the coast
and in southwestern Washington and northwestern Oregon has allowed for better detec-
tion and location of earthquakes within the Juan de Fuca plate beneath North America.
Despite these improvements in the seismic network monitoring capabilities, most
detected earthquakes within the Juan de Fuca plate have continued to be concentrated

beneath northwestern Washington. However, since 1980, some earthquakes have been
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located at depths greater than 30 km beneath southwestern Washington and the north-
ern Oregon Coast Range. In this paper we emphasize these events to the south and
show that the dip direction of the Juan de Fuca plate is to the east-southeast beneath
southwestern Washington. The east-southeast dip direction begins south of the 1965
Seattle earthquake, whereas to the north of this event the plate dip direction is
northeast as previously reported by others (Crosson, 1983; Rogers, 1983b). From the
distribution of the earthquake hypocenters we conclude that the change in plate dip
direction results in an upward arching of the Juan de Fuca plate beneath central and
southern Puget Sound. There is excellent agreement between the dip of the Juan de
Fuca plate defined by the hypocenters beneath southwestern Washington and f.he plate
dip inferred from the orientation of the T-axis calculated from the focal mechanism for

the 1949 south Puget Sound earthquake (Baker, 1985; Baker and Langston, 1987).

SEISMICITY DATA

The seismicity data used in this report consist of well-located earthquake hypo-
centers, with calculated depths greater than 20 km and coda magnitudes greater than
1.5 for the period January 1, 1980 to December 31, 1986, that were located by the
University of Washington. The errors in the locations are less than 3 km, vertical or hor-
izontal. To this set of the recent data we have added three large earthquakes for which
focal mechanisms have been calculated: the 1949 south Puget Sound earthquake
(M =7.1) (Baker and Langston, 1987), the 1965 Seattle (m;=6.5) (Isacks and Molnar,
1971; Rogers, 1983a), and the 1976 Pender Island (mb=5.l) (Rogers, 1983a) earthquakes
(Figure 1). We have plotted in Figure 2 the earthquakes divided into five depth inter-
vals (20-30, 30-40, 40-50, 50-60, and 60+ km).

The shallowest epicenters (20-30 km) have a bimodal spatial distribution. There
are a few epicenters located near the Washington coast (Figure 2a), but most earth-
quakes within this depth range are within a broad arc from the Willamette Valley to

southern Vancouver Island. The events near the coast were interpreted by Taber and



Smith (1985) as occurring within the Juan de Fuca plate, whereas Crosson (1976) noted
that events in this depth range in the Puget Sound basin were occurring within the over-
lying North American plate. We likewise interpret the events between 20-30 km beneath
southwestern Washington as occurring within the North American plate. Between 30-40
km, the hypocenters are east of the westerly group of events near the Washington coast
in the 20-30 km depth range, and the distribution strikes north-northeast from north of
the mouth of the Columbia River to the southeastern end of Vancouver Island (Figure
2b). The few events that locate at depths of 30-40 km to the east in the Puget Sound
basin are the deepest extent of the crustal events (Crosson, 1976), and we suggest that

the single event near the Columbia River is within the North American plate.

Between 40 and 50 km, the earthquake distribution occurs beneath a wide area
from the central Olympic Mountains to the central Puget Sound basin (Figure 2c). With
respect to the two shallower depth ranges, these events continue the trend of hypo-
centers deepening to the east. The most southérly earthquake in the 40-50 km depth
range of earthquakes deserves special comment. This event had a coda magnitude of 2.8
and occurred on June 6, 1981 when the U.S. Geological Survey was operating the 32 sta-
tion Oregon seismic network (Kolman, 1984). Three stations in this network were near
the Oregon coast, and 13 stations were operating to the southeast of this event. We
have re-read all available data for this event, including the WWSSN station at COR
which was the nearest station at an epicentral distance of 54 km. Because of this epicen-
tral distance to COR, this location is more poorly determined than the others in our
data set, we have compared individual station residuals, relative arrival times between
pairs of stations, and S-P times for this event with similar data for several earthquakes
with shallow hypocenters (<10 km) along the Oregon coast and conclude that this is

truly a deep earthquake (41+/-5 km).

The 50-60 km distribution (Figure 2d) includes the 1949 South Puget Sound earth-

quake, that has a depth of 54 km based on pP-P travel time differences (Baker and



Langston, 1987). From the Columbia River northward to the 1949 earthquake, the
strike of this distribution is approximately parallel with that of the 30-40 km deep
events (Figure 2b). This strike changes north of the 1949 event, with the most easterly
extent of the 50-60 km deep earthquakes being approximately parallel with the eastern
shoreline of Puget Sound (Figure 2d). The change in strike observed for the earthquake
distribution between 50-60 km becomes more pronounced for those events belowASO km
(Figure 2¢). This deepest group of events includes the 1965 and 1976 events, located at
60 and 62 km respectively. North of the location of the 1965 earthquake, events greater
than 60 km depth strike north-northwest, cutting across the north-northeast strike of
the shallower distributions to the west (e.g., compare Figure 2b with Figure 2¢). The

deepest events, greater than 70 km, are east of the 1965 event (Figure 2e).

Previous cross sections of the deep seismicity beneath western Washington (eg.,
Crosson, 1983; Taber and Smith, 1985; Weaver and Michaelson, 1985) have projected
nearly all of the available hypocenters in western Washington onto a single plane. How-
ever, because of the change in the strike of the distributions of events greater than 50
km depth with respect to shallower distributions, projecting all of the hypocenters onto
a single plane obscures details of the seismicity distribution evident in the epicentral
maps (Figure 2). As an example of this problem, we have selected earthquakes in an
area from the vicinity of the 1965 earthquake southward about 280 km (large clear area
in Figure 3), and have oriented the cross section approximately perpendicular to the
Washington coast (Figure 3, line A-A’). The earthquakes projected onto the resulting
cross section have considerable scatter, particularly below about 50 km (Figure 4a), mak-
ing it difficult to unambiguously determine the dip of the Benioff zone and the inferred

position of the Juan de Fuca plate.

To avoid the problem illustrated in Figure 4a, we have selected four quadrilaterals
such that the sides are approximately perpendicular and parallel to the strike of the dis-

tributions of earthquakes below 50 km (compare Figure 2 & Figure 3). Physically, we
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justify this data selection by the noting that the change in the strike of the deeper
earthquake distributions is approximately the same as the change in the strike of the
volcanic front defined by the most westward of the large Quaternary stratovolcanoes in
Washington (Mount Baker, Glacier Peak, Mount Rainier, and Mount St. Helens), and to

a lesser extent, the change in the strike of the trench offshore (Figure 1).

The most southerly of these four quadrilaterals includes earthquakes from the 1981
event on the Oregon coast (Figure 2¢) to the location of the 1965 earthquake, where the
strike of the 50-60 and 60+ km deep earthquake distributions changes from north-
northeast to more north-south (Figure 2 d & e). This selection of events (stippled pat-
tern in Figure 3) plotted onto the plane located at B-B’ results in a thin distribution of
earthquakes, about 10 km thick, that dips at an approximate angle of 11° from the
vicinity of the coast to the projected location of the 1949 earthquake (Figure 4b). East
of the 1949 event, the dip increases to about 20°, but because of the small number of

events below 50 km we consider this steeper dip to be preliminary.

Excluding the earthquakes in southwestern Washington from cross sections plotted
for events beneath central and southern Puget sound results in tighter distributions of
dipping hypocenters than those previously published (e.g., Figure 2 in Weaver and
Michaelson, 1985). Beneath central Puget Sound we have plotted two different data
selections to emphasize the change in the plate dip direction. The first area (heavy, bold
line in Figure 3) is an extension of the southern cross section of Figure 4b. This quadri-
lateral includes the portion of the deeper event distributions (50-60 and 60+ km) that
strike more north-south than those events plotted in Figure 4b, but we have excluded
those portions of the deeper distributions that clearly strike to the northwest (compare
bold outline in Figure 3 with Figure 2d). The second section is oriented along the direc-
tion of convergence (Figure 3, dense line pattern) between the Juan de Fuca and North
American plates, and the area was chosen to exclude the northeast striking portion of

the 50-60 and 60+ km deep distributions to the south of the 1965 earthquake. In both



sections the earthquakes plot in a thin distribution, about 10 km thick (Figure 4 c&d).
From the coast to the 1965 earthquake the dip is about 11° to the east, similar to the
results of Taber and Smith (1985). East of the 1965 earthquake, the dip of the distribu-
tion appears to increase to about 25° (Figure 4c). The fact that two areas so differently
oriented produce nearly identical dipping distributions results from the broad area over
which the change in strike of the deeper (50-60 and 60+ km) distributions occur and the

broad area of earthquakes located between 40 and 50 km (Figure 2c).

The final cross section includes events in the northern Puget Sound basin, and the
section is aligned approximately along the convergence direction (Figure 4e). This is an
area completely removed from the change in the strike of the distribution of 60+ km
deep earthquakes. As a consequence, unlike the central Puget Sound area where earth-
quakes plot in thin distributions that dip both to the northeast and the east-southeast,
these northern eveni;s dip in a narrow distribution only toward the northeast. This final
section is similar to one compiled by Rogers (1983a) for historical earthquakes recorded
prior to the installation of the University of Washington seismic network in 1970.
Although the secﬁon in Figure 4e is truncated at 49°, very few earthquakes are well-

located to the north (Rogers, 1983b).

From the distribution of earthquakes and the cross-section plots, we conclude that
the dip direction of the Juan de Fuca plate changes along the strike of the subduction
zone. Beneath southwestern Washington, south of the 1965 earthquake, the plate dips
to the east-southeast, whereas beneath northwestern Washington the plate dips to the
" northeast. The available hypocenters indicate that the transition in dip direction is
smooth, with no sudden offset in the geometry of the Juan de Fuca plate beneath Puget

Sound.

The T-axes calculated from the focal mechanisms for the three larger magnitude
earthquakes (1965, 1976, and 1949) show a change in strike consistent with our interpre-

tation of a change in the dip direction of the Juan de Fuca plate inferred from the
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seismicity. Generally, earthquakes within the portion of a plate that is subject to gravi-
tational sinking are normal faulting events, and the T-axis calculated from these focal
mechanisms is approximately parallel with the dip of the subducting plate (Isacks and
Molnar, 1971). A recent study of the 1949 earthquake has indicated that it was a com-
plex event that consisted of four distinct source pulses (Baker, 1985; Baker and Langs-
ton, 1987). The focal mechanism (Figure 1), which is similar for each pulse, is based on
modeling of long period P, SV, and SH waves; the quality of the data re;ulted in tightly
constrained fault planes. The strike of the T-axis (azimuth of N. 150° E. with a plunge
of 200) is significantly different from the T-axis directions calculated for either the 1965
or 1976 earthquakes (Rogers, 1983a). The 1965 Seattle earthquake (mb=6.5)Aand the
1976 Pender Island earthquake (mb=5.1) were normal faulting events at depths of 60
and 62 km respectively, that had T-axes that dipped 25-35° to the northeast (Rogers,
1983a). Because the T-axis calculated for the 1949 event indicates down-dip tension to
the southeast with a dip similar to the plate dip inferred from the hypocenters (Figure
4b), we conclude that this earthquake was the result, at least in part, of the gravita-

tional sinking of the Juan de Fuca plate beneath western Washington.
IMPLICATIONS FOR PLATE GEOMETRY

The epicenter map plots of the‘ 50-60 km (Figure 2d) and 60+ km depth (Figure 2e)
distributions allow us to clearly define the location of the 60 km depth contour of the
Juan de Fuca plate beneath all of Washington. In Figure 5 we have sketched the loca-
tion of the eastern extent of the earthquake hypocenters in the depth intervals 50-60 km.
We have also sketched the location of the eastern extent of the 30-40 km depth range

(Figure 2b), excluding those events noted beneath Puget Sound and the Willamette Val-

ley. Although the 40 km contour is well-defined by the available hypocenters beneath

Washington, the extension of the 40 km contour to the central Oregon coast is very ten-

tative.
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It is apparent from Figure 5 that there is a change in the average dip of the Juan
de Fuca plate between the trench and the position of the plate at a depth of 60 km.
Beneath southwestern Washington, the horizontal distance between the trench and the
60 km depth of the plate is about 200 km, and this distance increases to about 300 km
beneath the center of the Olympic Mountains and Puget Sound (Figure 5). Thus, with
respect to the plate dip defined in southwestern Washington, the Juan de Fuca plate
arches upward beneath Puget Sound. In large part, this arching is reflected in the
broadening of the earthquake distribution between 40-50 km (Figure 2c) beneath the

eastern Olympic Mountains and Puget Sound.

The definition of the 60 km contour also shows that the direction of plate dip in
Washington is approximately perpendicular to the volcanic front. We have indicated the
position of the volcanic front, defined as the westernmost occurrence of late Cenozoic
volcanism as mapped by Luedke and Smith {1982], on Figure 5. The volcanic front and
the 60 km plate depth contour in northwestern Washington are both approximately per-
pendicular to the direction of convergence between the Juan de Fuca and North Ameri-

can plates. As there is no late Cenozoic volcanism from Glacier Peak to a few vents

north of Mount Rainier, the volcanic front is not defined here. From the vicinity of -

Mount Rainier to the Portland, Oregon area (where late Cenozoic basalts have been
erupted, see Luedke and Smith, 1982), both the voleanic front and the 60 km plate
depth are parallel and strike to the south-southeast (Figure 5). In southwestern Wash-

ington the volcanic front is oblique to the convergence direction.

The plate geometry south of Portland, Oregon cannot be inferred from earthquake
data. The volcanic front steps eastward to the axis of the Cascade Range, and continues
along the western edge of the range throughout Oregon and northern California. In
andesitic arcs studied in subduction zones where Benioff zone earthquakes allow the
plate geometry to be inferred beneath the areas of recent volcanism, the subducting

plate is usually found to be at a depth near 100 km (Gill, 1981). Thus, the change in



the volcanic front position near Portland may indicate that the geometry of the Juan de

Fuca plate to the south may also change.

Finally, in Figure 6 we have summarized the geometry of the Juan de Fuca plate as
now available from earthquake hypocenters. To the plate depth contours drawn for
Washington and northern Oregon in Figure 5 we have added the corresponding depth
contours for northern California (from Cockerham, 1984; Walter, 1986). The average
plate dip in northern California is similar to that in southwestern Washington, as the 60
km depth contour is about 200 km from the trench. One further point clear from the
contours in Figure 6 is that between the available hypocenters in northern Oregon and
the deep events beneath northern California, a large variation in the geometry of the
Juan de Fuca plate is expected. Extrapolating the hypocentral contours west of Lassen
Peak northward results in an unreasonably shallow depth of the Gorda plate beneath
Mount Shasta and the Juan de Fuca plate beneath the southern Cascade Range of Ore-

gon.

DISCUSSION

The plate geometry outlined by the seismicity is similar to that predicted beneath
Washington on the basis of plate motions and the volumetric problem caused by the
sharp change of strike of the subduction zone off the Washington and British Columbia
coasts (Keen and Hyndmann, 1979; Rogers, 1983 a&b). The data are particularly sup-
portive of Rogers (1983a) suggested undulation of the Juan de Fuca plate, although our
data indicates that the undulation (termed arching in this paper) occurs over a broader
region than originally suggested by Rogers. The seismicity distribution is also consistent
with the suggestion by Weaver and Michaelson (1985) that the Juan de Fuca plate
dipped more steeply beneath southwestern Washington than beneath northwestern
Washington. Their suggestion was based on a comparison of the distribution of crustal

seismicity and volcanism in the Pacific Northwest with similar distributions in the Nazca



subduction zone, where Benioff zone earthquakes allow the position of the subducting

plate to be inferred.

The fault planes determined for the 1949 event are not parallel with the conver-
gence direction between the North American and Juan de Fuca plates, indicating that
the event did not occur on a tear fault parallel with the convergence direction. However,
the strike-slip mechanism indicates that shearing occurs within the Juan de Fuca plate.
Consequently, in addition to the down-dip tensional forces, compression within the shal-
low dipping portion of the Juan de Fuca plate near the 1949 epicenter is significant for
earthquake generation. We note that Taber and Smith (1985) found a strike-slip solu-
tion similar to that determined by Baker and Langston (1987) for the 1949 earthquake
for an event near the Washington coast, additional evidence of compression acting

within the shallow dipping portion of the plate beneath southwestern Washington.

The possible effect of the plate position on the occurrence of the deep crustal earth-
quakes is raised by the spatial relation between the distribution of the deepest (20-30
and a few events below 30 km) crustal events and the Juan de Fuca plate geometry.
The westernmost extent of the deep crustal events is approximately coincident with the
western edge of earthquakes within the Juan de Fuca plate at depths between 50 and 60
km (compare Figure 2a and 2d, Figure 4b,c,&d). The greatest concentration of deep
crustal events is beneath central Puget Sound, where the Juan de Fuca plate arches
upward. It may be that the extended proximity of the subducting plate to the overlying
crustal plate beneath the eastern Olympic Mountains and Puget Sound results in a more
effective transfer of stress into the overriding crustal plate than can occur beneath
southwestern Washington where the average dip of the plate is steeper above 60 km

depth.

A second possible explanation for the greater concentration of deep crustal earth-
quakes beneath Puget Sound could be related to the sudden change in plate dip from the

shallow dip near the coast to the steeper dip of the plate toward the Cascade Range.




The available hypocentral data indicates that the Juan de Fuca dips steeply (250) to the
east of the 1965 earthquake and that the change in plate dip from the 11° observed
beneath Puget Sound occurs suddenly, over a few ten’s of kilometers of horizontal dis-
tance (Figures 2e & 4c). On the otherhand, in southwestern Washington, the transition
in the plate dip from the shallow dip near the coast to the steeper dip toward Mount St.
Helens and Mount Rainier appears to be gradual (Figure 4b). Thus, bending stresses
associated with the change in plate dip may be more concentrated in Puget Sound than
in southwestern Washington, resulting in the greater number of deep crustal earth-

quakes.

In repeat surveys of a strain network that crosses Puget Sound in the vicinity of
the 1965 earthquake, Savage et al. (1981) observed a N71°E direction of principal
compressive strain rate and a N19°W direction of principal extensional strain rate.
Using a two-dimensional model of a subduction zone thrust interface, Savage et al.
(1981) ‘were able to calculate a reasonable fit to the compressional strain rate, but noted
that the origin of the extension was unknown. Above we noted that the T-axis direction
for the 1949 earthquake is reflecting the geometry of the Juan de Fuca plate and the
spatial relation between the deep crustal earthquakes and the Juan de Fuca plate. It
seems possible that the extensional strain rate measured by Savage et al. (1981) is the
result of the arching structure of the plate beneath Puget Sound, with the extensional
strain being transmitted to the crust and superimposed on the east-northeastward

compressional strain.
CONCLUSIONS

The dip direction of the Juan de Fuca plate changes from northeast beneath
northwestern Washington to east-southeast beneath southwestern Washington. The
plate dips at about 11° from the coast to eastern Puget Sound in northwestern Washing-

ton, where the dip angle increases to about 25°. In southwestern Washington, the dip of



the plate near the coast is about also about 11°, and the dip increases to about 20° near
the epicenter of the 1949 south Puget Sound earthquake. The T-axis calculated from
the focal mechanism of this event is oriented to the southeast and has a dip nearly
identical to that indicated by the hypocenters, indicating that gravitational sinking of
the slab is at least partly responsible for this earthquake. South of the location of the
1965 Seattle earthquake, the horizontal distance between the trench and the plate posi-
tion at 60 km decreases from about 300 km to 200 km, indicating that the average dip
of the shallow Juan de Fuca plate increases to the south. Because the average dip of the
plate is greater to the south, the more shallow dip to the north results in an upward

arching of the Juan de Fuca plate beneath the Olympic Mountains and Puget Sound.
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FIGURE CAPTIONS

Fig. 1. Geographic place names and earthquake distribution. The earth-
quakes are all greater than 20 km depth and are from the period 1 January 1980
to 31 August 1986; the 1949, 1965 and 1976 earthquakes discussed in the text have
been added to this data set. 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 compressional qua-
drants darkened, dilatational quadrants white. Sources for the mechanisms are
given in the text. Darkened triangles are Quaternary Cascade stratovolcanoes,
abbreviated as follows: B, Mount Baker; G, Glacier Peak; R, Mount Rainier; S,
Mount St. Helens; A, Mount Adams; H, Mount Hood; J, Mount Jefferson; T, Three

Sisters.

Fig. 2. Depth plots for earthquakes. a) Events between 20 and 30 km depth;
b) Events between 30 and 40 km depth; c¢) events between 40 and 50 km depth; d)
events between 50 and 60 km depth; e) events greater than 60- km depth with
those events darkened are greater than 70 km depth. Same magnitude scaling as

in Fig. 1. Vancouver Island is abbreviated as VI.

Fig. 3. Areas plotted in cross section in Fig. 4. All events within each qua-
drilateral have been projected onto vertical planes oriented along the lines A-A’,

B-B’, C-C’, D-D’,.and E-E’.

Fig. 4. Cross section plots. The orientation of each plane and the area of the
projected hypocenters are given in Fig. 3. Earthquakes magnitudes are scaled as
in Fig. 1. Each section is 220 km wide and there is no vertical exaggeration. In
”b” the plunge of the T-axis, taken from Baker and Langston (1§87) is indicated

by the arrows.




Fig. 5. Summary of plate geometry beneath Washington and northern Ore-
gon. 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, shown in Figure 2,
respectively. The volcanic front is the westward extent of late Cenozoic volcanism
taken from the map by Luedke and Smith (1982). Bold arrow offshore shows the

direction of convergence between the Juan de Fuca and North American plates.

Fig. 6. Schematic of the geometry of the Juan de Fuca plate system as
inferred from Benioff zone earthquakes. The 40 and 60 km contours are described
in the text. The azimuth of the T-axis is indicated for the three larger magnitude

earthquakes discussed in text. Volcanoes not identified in Fig. 1 are abbreviated as

L for Lassen Peak and SH for Mount Shasta.
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ABSTRACT

Spatial, temporal, and compositional distributions of approximately 4000
volcanic vents less than 16 Ma in Washington, Oregon, northern California, and
northwestern Nevada illustrate the evolution of two volcano-tectonic
regimes: Juan de Fuca subduction and Basin and Range extension. Vent data
were obtained from published map compilations and include monogenetic and
small polygenetic volcanoes in addition to major stratovolcanoes. Based on
the distribution of 2821 vents less than 5 Ma, the Cascade Range can be
divided into five segments; vents of the High Lava Plains along the northern
margin of the Basin and Range province in Oregon form a sixth group. Some
aspects of the Cascade Range segmentation can be related to gross structural
features of the subducting Juan de Fuca plate that are inferred from Benioff-
zone seismicity. The volcanic front of two segments parallels the strike of
the subducting Juan de Fuca plate, which changes from NE beneath southern
Washington to NW beneath northern Washington; these two segments are separated
by a 90-km volcanic gap betweenl Mount Rainier and Glacier Peak which is
landward of the portion of the plate with the least average dip to a depth of
60 km. A narrow, N-S trending, dominantly andesitic belt of vents in Oregon
constitutes a third segment which is landward of the seismically quiet portion
of the Benioff zone; the narrowness of this segment indicates steep dip of the
subducting plate beneath the Cascade arc in Oregon. Paucity of vents between
segment four (containing Mount Shasta and Medicine Lake) and segment five
(containing Lassen Peak) occurs between the Juan de Fuca and Gorda North
plates, which have differing age and Benioff-zone seismicity. From the
relation between the plate-depth contours at 60 km in areas of Benioff-zone

seismicity and the volcanic front of vents less than 5 Ma, it appears that
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variations in the geometry of the Juan de Fuca plate likely occur near
boundaries between independently determined volcanic segments in northern
Oregon and northern Calfiornia. East of the Cascade arc in Oregon and
northern California, basin-range volcanism migrated into the region directly
adjacent to the Cascade Range during the interval 5-10 Ma. This basin-range
impingement against the Cascade arc is characterized by cessation of basin-
range volcanism in southern Oregon since 5 Ma, continuation of basaltic
volcanism during the past 5 Ma 1in northeastern California where the
impingement process may not yet be complete, and contraction of the area of
basaltic volcanism during the past 5 Ma around Mount Shasta, Medicine Lake,
and Lassen Peak, In central Oregon where the northern margin of basin-range
volcanism (the High Lava Plains) intersects the Cascade arc, basin-range
impingement roughly coincides in time and space with the development of the

High Cascade graben between Three Sisters and Mount Jefferson.
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INTRODUCTION

Late Cenozoic volcanism in the Cascade Range of the Pacific Northwest is
widely attributed to subduction of the Juan de Fuca plate system beneath the
North American plate. Beyond this first-order~relation between volcanism and
subduction, volcanic processes vary along the Cascade arc in time and space.
For example, the amount and style of Cascade volcanism during the past 5 Ma
years is significantly different north and south of Mount Rainier,
Washington. Isolated stratovolcanoes in British Columbia and Washington north
of Mount Rainier contrast with composite volcanoes surrounded by fields of
numerous, monogenetic, mafic volcanoes in the Oregon and northern California
section of the range [Luedke and Smith, 1981; 1982].

Recently, attempts have been made to use the distribution of Tlate
Cenozoic volcanism to better constrain tectonic models of interaction between
the Juan de Fuca and North American plates. These models assume that the
differences observed in the amount of volcanism the result of differences in
the manner of interaction between the two plates. Such plate models postulate
that the paucity of volcanism in much of Washington and British Columbia is
the result of compression in the North American crust, whereas the abundant
volcanism in Oregon and northern California is thought to indicate crustal
extension there [Weaver and Smith, 1983; Rogers, 1985; Weaver and Michaelson,
1985]. Suggestions for the difference in the crustal stress regime within the
volcanic arc include areal variations in the convergence velocity between the
pfates [Rogers, 1985] and variations in the dip of the Juan de Fuca plate
[Weaver and Michaelson, 1985; Michaelson and Weaver, 1986]. Also, extension
in the Basin and Range province, which lies directly east of the Cascades in

southern Oregon and northern California, has been linked to basaltic magmatism



of the Cascade Range [Priest et al., 1983; Smith and Luedke, 1984].

Typically, models that relate the distribution of volcanism to the
regional tectonic framework make little distinction with regard to the nature
of volcanic products; attention commonly is focused on major stratovolcanoes
[e.g., Hughes et al., 1980]. We extend the treatment of volcanism and
investigate the distribution of middle Miocene and younger volcanic vents in
the Pacific Northwest with respect to time, space, and composition. Our data
set includes monogenetic vents, minor stratovolcanoes, and shield volcanoes,
in addition to the major, physiographically dominant, volcanic centers. OQur
intent is to provide a range-wide volcanic framework with a focus on the past
5 Ma. Our analysis accepts the premise of Smith and Luedke [1984] that the
distribution of volcanic vents is a better indicator of the area of regional
magma generation than the outcrop area of eruptive products. Our
investigation of vent patterns allows us to subdivide the Cascade Range into
five segments which we correlate with structural elements of the Juan de Fuca
and Gdrda plates. We also examine westward migration of Basin and Range

volcanism into the Cascade region.
VENT DATA

The latitiude and longitude of approximately 4000 volcanic vents less
than 16 Ma in Washington, Oregon, northern California, and northwestern Nevada
were digitized from the map compilations of Luedke and Smith [1981, 1982]. In
addition to determining these locations, we followed the classifications of
Luedke and Smith [1981, 1982] and assigned each vent to one of eight age
groups (in years: <100; 100-1000; 1000-10,000; 10,000-100,000; 100,000-1

million; 1-5 million; 5-10 million; 10-16 million), to one of four




compositional categories based on SiQp percentage (basalt, 46-54%; andesite,
54-62%; dacite, 62-70%; rhyolite, >70%), and to one of seven vent types
(cinder cone, dome, shield, stratovolcano, neck, maar, dome cluster).

The vent data have some notable limitations. Because of erosion and
possible burial of vents by younger rocks, the data provide minimum values for
the number and areal extent of any given temporal distribution of vents. The
problem of vent loss can be expected to worsen for increasingly older age
groups. We do not estimate the volume of rock erupted from each vent, so
volcanism at polygenetic volcanoes is under-represented. Luedke and Smith
[1981; 1982] used available chemical analyses to assign vents to compositional
categories that differ slightly from those defined by some other workers. For
example, andesite is defined as 53-63% Si0, in Gill [1981]. In addition, the
andesite category in this study does not distinguish basaltic andesite (53-57%
SiOz), a compositional category common in central Oregon (e.g., Sherrod, 1986;
Hughes and Taylor, 1986). Errors 1in digitizing locations of vents on
1:1,000,000 scale maps result in an accuracy of about + 1 minute of latitiude
and longitude. Because we consider vent patterns of such a large region,
these uncertainties in location are not significant for this study; however,
original sources, listed by Luedke and Smith [1981, 1982], should be consulted
for details of vent patterns.

Another limitation of our data set is that it does not include volcanic
vents of the Canadian Cascade Range in southern British Columbia. Detailed
geological and geochronological information for the Meager Mountain, Mt.
Cayley, and Mt. Garibaldi volcanic centers currently is in largely uncompiled
and unpublished form [C. Hickson, oral communication, 1987] and not readily
available for the kind of temporal and compositional ana]ysis of vents

undertaken here,
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DISTRIBUTION OF VOLCANIC VENTS

A pronounced westward to northwestward migration of volcanism has
occurred in Oregon, California, and northwestern Nevada during the past 16 Ma
[Macleod et al., 1976; Christiansen and McKee, 1978; Smith and Luedke,
1984]. In Figure 1, we plot vents in the period 5-16 Ma to illustrate this
migration, outlining the area of younger vents to indicate where older vents
probably are obscured. The oldest observable vents (10-16 Ma) are, with the
exception of two groups, distributed east of the Quaternary Cascade arc
(Figure 1a). The majority of vents in southeastern Oregon and northwestern
Nevada in this time interval are basaltic or rhyolitic and have been
interpreted as part of the extensional volcanism of the Basin and Range
province [Christiansen and Lipman, 1972; Christiansen and McKee, 1978]. Such
volcanism is thought to involve rise of mantle-derived basaltic magma through
extensionally thinned and faulted -crust, with basaltic intrusions supplying
heat for partial melting of crustal rock to produce rhyolitic magma. Other
notable features of the 10-16-Ma vent distribution include basalt, andesite,
and rhyolite in the Blue Mountains of northeastern Oregon, basaltic vents
along the Oregon coast, and a band of 10 andesitic vents roughly between 44°
and 45°N that constitute part of the Western Cascades. This Tlast group
comprises few vents but a relatively large outcrop area.

The area of volcanism 5-10 Ma (Figure 1b) is west of the 10-16-Ma
distribution. Vents 5-10 Ma occur primarily south of 44°N (the approximate
latitude of the Quaternary Three Sisters volcanic field). Most of the vents
are basaltic shields and cones that form a wide, NNW trending belt east of the

position of the younger Cascade arc. Andesitic vents are restricted to the
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most northwesterly area of the distribution, southwest of present-day Newberry
volcano. The paucity of vents 5-10 Ma in southeastern Oregon and northwestern
Nevada is consistent with the model of Christiansen and McKee (1978) that,
‘although extension began 17 to 14 Ma and occurred throughout the northern
Basin and Range up to 12 Ma, faulting and volcanism subsequently became
progressively concentrated outward along the brittle margins of the province.

The distribution of 2821 vents less than 5 Ma (Figure 2a) is in sharp
contrast to that of older vents. The overall pattern depicts the Cascade
Range in Washington, Oregon, and California and delineates the northern margin
of basin-range volcanism along the WNW trending High Lava Plains. Unlike vent
distributions of the two earlier intervals, the well developed N-S trending
volcanic arc is a salient feature. Although the vent patterns suggest that
there was apparently little volcanism in the Cascade Range prior to 5 Ma, we
emphasize that products of the 0-5-Ma volcanism likely cover an indeterminant
number of older vents, particularly in central Oregon where late Miocene
volcanic rocks that occur west and east of the Quaternary arc are recognized
by Sherrod [1986] and Smith et al. [1987] to have vented from the site of the
Quaternary arc. In Figure 2b, we have plotted the area of 5-16-Ma outcrops
that lie west of the 0-5-Ma vents in Oregon (from Luedke and Smith [1982]) to
illustrate that there is geologic evidence of an andesitic arc prior to 5 Ma
although the vent data are sparse.

Between Mount Shasta and Mount Hood, the 0-5-Ma arc is a narrow belt
approximately 50-km wide except where the High Lava Plains join the arc. On
both ends of the narrow belt, the distribution of vents changes. To the north
between Mount Hood and Mount Rainier, the zone of vents broadens to about 150
km, with less dense spacing of vents. Further north, a 90-km gap separates

Mount Rainier from Glacier Peak, and volcanism in northern Washington is



limited to a few vents in the vicinity of the stratovolcanoes Mount Baker and
Glacier Peak. In California, the area of vents widens around Mount Shasta and
Lassen Peak compared to the distribution in Oregon, and the Lassen area is
spatially separated from the continuous distribution of vents to the north.

Separate plots of andesitic (Figure 3a) and basaltic (Figure 3b) vents
emphasize contrasts in the compositional distribution. Within the N-S
trending arc in Oregon (excluding vents around Newberry volcano where burial
makes vent counts highly uncertain), approximately 60% of the vents are
andesitic and 30% are basaltic. Near the Oregon-California border, there is a
pronounced change in the ratio of andesitic to basaltic vents. Andesite
predominates north of the border, whereas basalts constitute about three-
fourths of vents to the south. The southern extent of the andesitic belt in
Oregon has shifted northward about 35 km between 5 and 1 Ma (dashed horizontal
lines on Figure 3a).

The distribution of basaltic vents less than 5 Ma (Figure 3b) generally
is not similar to that of andesitic vents of the same age group (Figure 3a).
Between the Three Sisters field and the Oregon-California border and between
Mount Jefferson and Mount Hood, there are few basaltic vents, in contrast to
the dense distribution of andesitic vents over m&st of this region. In
southern Washington, where the overall width of the zone of vents is about 150
km, nearly 80% of these vents are basaltic. Some of these basaltic vents lie
further west than nearby andesitic vents, and others lie east of Mount Adams
(note outlined area in Figure 3b). In northern California, a few basaltic
vents occur southwest of the main concentration of vents around Lassen Peak.
To the east of the Lassen center, basaltic vents occur up to 75 km east of
identified andesitic vents.

A similarity between the andesitic and basaltic distributions in Figure 3




is that south of Mt., Hood the western extent of basaltic vents coincides with
the western extent of andesitic vents. A second similarity is in northern
California where few basaltic or andesitic vents occur between Mount Shasta
and Lassen Peak.

Basaltic vents also occur considerably east of the andesitic vents along
the High Lava Plains, which in Oregon are characterized by concentration of
basaltic and rhyolitic rocks in a zone of WNW trending en echelon normal
faults called the Brothers fault zone [Walker, 1977; Walker and Nolf, 1981].
The region between Newberry volcano and Three Sisters volcanoes, where the
High LAva Plains intersect the Cascade Range, is distinguished by: increased
density of both andesitic and basaltic vents compared to areas to the north
and south; widening of the andesitic zone from about 30 to 80 km; and eastward
indentation about 20 km of the western limit of andesitic vents near Three’
Sisters.

Vents less than 1 Ma (Figure 4) constitute about 60% of the identified 0-
5-Ma vents and exhibit a spatial pattern similar to that of the 0-5-Ma
vents. The andesitic arc predominates in Oregon, basaltic volcanism continues
in southeastern Oregon, major volcanic centers occur at Mount Shasta and
Lassen Peak, and a less dense-zone of vents occurs in southern Washington.
Figure 4 indicates the areal extent of volcanism has contracted during the
past 5 Ma, as evidenced by: widening of the andesitic gab northward between
Mount Shasta and Mount McLoughlin; localization of volcanism around Mount
Shasta, Medicine Lake, and Lassen Peak; and narrowing of the zone of vents in
southern Washington, although this last evidence may be partly an artifact of
insufficient dating. The age of the Simcoe field (2-5 Ma), which 1lies
southeast of Mount Adams, is constrained by only three dates on samples from

the southeast part of the field; based on youthful-looking geomorphology,
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parts of the field actually may be 1less than 1 Ma [W. Hildreth, oral
communication, 1986].

During the time interval of less than 0.1 Ma (Figure 5), volcanism in the
Cascade Range is concentrated around the major composite volcanoes, with only
a few vents active elsewhere. Exceptions to this pattern are seen at the
Indian Heaven basaltic field between Mount St. Helens and Mount Adams and
vents south of Three Sisters (Figure 5a). The area from Three Sisters to
Newberry is the most intense focus of venting during the past 0.1 Ma. A more
detailed study of vent patterns at South Sister by Bacon [1985] shows that
Holocene basaltic vents form a NNW striking en echelon pattern of -short N-S
vent segments that are aligned with the regional stress field of the
Cascades. The South Sister silicic volcanic field occurs where this NNW
striking zone intersects the axis of the N-S chain of major Cascade
stratovolcanoes. '

About 12% of vents less than 0.1 Ma are dacitic and rhyolitic (Figure
5b), and these silicic vents account for about 45% of dacitic and rhyo]itic
vents in the Cascade Range (west of 121°W) in the interval 0-5 Ma. That
nearly half of‘the silicic vents occur within only 2% of the time interval 0-5
Ma may reflect better preservation of young silicic vents and/or an episode of
greater eruptive frequency of silicic volcanism during the past 0.1 Ma

compared with basaltic and andesitic volcanism.
VOLCANIC-ARC SEGMENTATION

Based on the distribution of 2821 volcanic vents less than 5 Ma, we
divide volcanism of the Pacific Northwest into six areal segments; five

segments comprise the Cascade Range, and a sixth constitutes the High Lava




Plains (Figure 6). The most northerly segment contains only the isolated
stratovolcanoes Glacier Peak and Mount Baker, as well as the Cascade centers
in British Columbia (Meager Mountain, Mount Cayley, and Mount Garibaldi) which
we include for completeness although detailed vent data currently are not
available. From Mount Rainier to Mount Hood, segment two encompasses the wide
.zone of primarily basaltic volcanism and includes the occurrence of basalts
east and west of the poorly defined andesitic arc. A long segment, approxi-
mately 370 km, extends from south of Mount Hood to the vicinity of the Oregon-
California border and is characterized by a dense distributfon of andesitic
vents. We define the southern boundary of this third segment by the decrease
in the ratio of andesitic to basaltic vents, noted in the previous section.
The fourth segment includes Mount Shasta and Medicine Lake volcano in
California and the basaltic vents to the north. The Lassen area, spatially
isolated from the Cascade Range to the north in terms of the distribution of
both andesitic and basaltic vents, constitutes the fifth segment. This six-
fold subdivision of 0-5-Ma vents also is.applicéble to the distribution of 0-
1-Ma vents (Figure 4).

Our segmentation model of the Cascade Range is based on different
criteria than commonly used by others to segment volcanic arcs. Typically,
segmentation of volcanic arcs has been based on assigning active
stratovolcanoes to discrete linear segments, such that each linear segment
drawn through 2 or more individual stratovolcanoes has a stratovolcano at its
ends [e.g., Stoiber and Carr, 1973; Carr et al., 1976; Hughes et al., 1980].
Using such a method, Stoiber and Carr [1973] divided historically active
volcanoes of the Central American arc into seven Tlinear segments and
characterized boundaries between segments as areas of normal faulting,

concentrated shallow seismicity, basaltic cinder cones, and catastrophic large



eruptions. The boundaries between segments were modeled as tear faults that
break the subducting Cocos plate into separate blocks of differing strikes and
dips; these lower-plate variations were assumed to give rise to the observed
volcanic segmentation.

The areal occurrence of volcanism has been related to the distribution of
seismicity in the Nazca subduction zone beneath South America. Areas of
moderate crustal seismicity and limited Cenozoic volcanism overlie shallow-
dipping portions of the Nazca plate, whereas areas with few crustal
earthquakes and extensive Cenozoic volcanism overlie more steeply dipping
sections of the Nazca plate [Barazangi and Isacks, 1976; Jordan et al.,
1983]. In both the Nazca and Cocos subduction zones, the occurrence of
Benioff-zone earthquakes along most of the strike of the subduction zone
allows the relation between surface volcanism and the configuration of the
subducting plate to be established.

Both segmentation models (alignment of stratovolcanoes and the areal
distribution of seismicity and volcanism) have been applied to the Cascade
Range. Hughes et al. [1980] applied the alignment model to the Cascades and
divided the arc into six linear segments, ranging from 110 to 240 km in
length: Mount Garibaldi-Glacier Peak, Glacier Peak-Mount St. Helens, Mount
Adams-Three Sisters, Three Sisters-Crater Lake, Crater Lake-Mount Shasta, and
Mount Shasta-Lassen Peak. They postulated that irregularities and changes in
strike of the base of the continental slope indicate segmentation of the
convergent margin; however, they cite no independent topographic, structural,
or seismic evidence for this segmentation. Hughes et al. [1980] noted that
these inferred margin segments, if extrapolated northeastward in the direction
of convergence of the Juan de Fuca and North American plates, correlate with

boundaries between volcanic segments. OQur segments do not coincide with those




of Hughes et al. [1980] mainly because we use the distribution and composition
of 2821 vents formed during the past 5 Ma rather than offsets in the alignment
of about 20 recently active volcanic centers. Also, we consider vent
distributions within segments, in addition to the locations of boundaries
between segments.

Weaver and Michaelson [1985] used the earthquake distribution and areal
extent of late Cenozoic volcanism to divide the northern Cascade Range into
three segments: Mount Baker to Mount Rainier, Mount Rainier to Mount Hood, and
Mount Hood south. The two northern segments are similar to those in our
model, but the orientation of the boundaries defined by Weaver and Michaelson
[1985] 1is parallel to convergence direction. We do not specify any
orientation of boundaries on Figure 6 because we cannot independently confirm

them to be linear physical features in the crust or slab.

REGIONAL TECTONIC CONSIDERATIONS

Structural Elements of the Juan de Fuca Plate

Some aspects of our segmentation model correlate with inferred structural
elements of the Juan de Fuca plate system. At present, the system consists of
small remnants of the Farallon plate, which was subducting beneath most of the
west coast of North America until about 30 Ma when the San Andreas transform
fault system began to form and grow in length northward and southward
(Atwater, 1970). The Juan de Fuca plate is bounded by 2 smaller sub-plates,
the Explorer on the north and the Gorda on the south (Figure 6). The Juan de
Fuca plate 1is converging obliquely to the northeast relative to the North
American plate at the comparatively slow rate of 3-4 cm/yr [Riddihough, 1977;
1984]. The Explorer plate apparently is no longer be subducting beneath North



America and instead is pivoting about a pole of motion different from the rest
of the plate system; to the south, the Gorda South plate similarly may be in
the process of moving independently relative to the Juan de Fuca and Gorda
North plates [Riddihough, 1984].

In most subduction zones, the occurrence of Benioff-zone earthquakes
indicates that the subducting p]atg is about 100-150 km depth below the
volcanic arc [e.g., Gill, 1981; Isacks and Barazangi, 1977]; these Benioff-
zone earthquakes allow the geometry of the subducting plate to be determined
from the trench to the positon of the volcanic arc. In the Pacific Northwest,
however, Benioff-zone earthquakes occur only west of the volcanic arc beneath
western Washington, northern Oregon, and northern California, generally at
depths less than 80 km [Weaver and Baker, in press; Walter, 1986; Cockerham,
1984]. Although the position of the plate directly beneath the Cascade arc is
conjectural, it is reasonable to assume that the andesitic volcanism of the
past 5 Ma is the result of magma genesis associated with the Juan de Fuca
plate being at a depth of about 100 km beneath the andesitic arc. Walter
[1986], for example, notes that near Lassen Peak.continued projection of the
Gorda plate at 25° dip (determined from 50 to 80 km by Benioff-zone
seismicity) would place the plate at a depth of approximately 100 km beneath
the volcanic arc.

In Figure 6 we show the location of the 40- and 60-km contours of plate
depth that have been inferred from the known distribution of sub-crustal
hypocenters [from Weaver and Baker, in press; Walter, 1986; Cockerham,
1984]. There is no seismic data to constrain the position of the plate
beneath most of Oregon. Weaver and Baker [in press] noted that beneath the
Puget Sound basin, the Juan de Fuca plate has an upward undulation or arch

between a depth of 40 and 60 km with respect to the depth of the plate to the




south; north of the undulation the Juan de Fuca plate dips to the northeast
and south of it the plate dips to the east-southeast (dip is approximately
perpendicular to plate depth contours in Figure 6). As a result, the
horizontal distance from the convergent margin to the 60-km contour is
greatest (300 km) where the plate arches upward and decreases to about 200 km
elsewhere beneath southwestern Washington, Vancouver Island, and northern
California. |

Within this context, we are able to relate our segmentation of the
Cascade Range to gross structural elements of the Juan de Fuca plate (Figure
6). We cannot unambiguously determine the position of the subducting plate
solely from the distribution of volcanism. However, from the spatial relation
of the vent distributions and Benioff-zone seismicity, we conclude that
volcanic segments reflect the subducting-plate geometry which varies along the
entire length of the subduction system.

North of the plate arch, the>stratovolcanoes represent a volcanic front
(defined here as the most trenchward extent of volcanism less than 5 Ma) that
is approximately parallel with the 60-km depth contour of the plate and
perpendicular to the direction of relative convergence (N.50°E.) between the
Juan de Fuca and North American plates. The volcanic gap between segments one
and two is landward of the plate arch, that portion of the subducting plate
with the least average dip between the margin and a depth of 60 km
(approximately 11°). In segment two, the volcanic front from Mount Rainier to
the basaltic vents near Portland, Oregon is approximately parallel with the
60-km plate depth contour to the west, in similar fashion to segment one, but
the strike of the volcanic front (and plate-depth contours) is approximately
perpendicular to the spreadfng direction of the Juan de Fuca ridge. The

volcanic front of segment one is further east of the 60-km contour than the



volcanic front of segment two, perhaps because the plate dips more steeply
beneath segment two at depths greater than 60 km. Segments three and four are
landward of the aseismic portion of the subduction system where no plate
contours are delineated. The volcanic front of segment five also is parallel
with the 60-km plate contour and perpendicular to the ridge-spreading
direction, as in segment two.

A prominent feature of Figure 6 is that terminations of the 60-km plate
contours in northern Oregon and northern California coincide with boundaries
between independently determined volcanic segments. It is evident from the
offset of the discontinuous contours that additional variation in the geometry
of the Juan de Fuca plate is expected. We infer from the parallel relation of
the subducting-p]afe contour and volcanic front observed in segments one, two,
and five that the Juan de Fuca plate should have a similar geometry everywhere
beneath segment three and four. Consequently, the expected variations in
plate geometry likely occur near the boundaries between volcanic segments two
and three and four and five.

The volcanic front of segment three is further east than the volcanic
front of segment two, and it 1is conceivable that the 60-km plate contour
likewise is offset to the east beneath northern Oregon. The narrowness of the
vent distribution in segment three implies that the zone of magma generation
is confined to a small volume of the upper mantle, perhaps because the Juan de
Fuca plate dips steeply through the magma-genesis zone.

In the case of segments four and five, Mount Shasta is positioned about
50 km further west toward the convergent margin than the Lassen center which
overlies the Gorda North plate. Consequently, northward linear extrapolation
of the 60-km contour west of Lassen Peak yields an improbably shallow depth to

the Benioff zone beneath Mount Shasta. If the volcanic front of segment four
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occurs approximately 40 km east of the 60-km contour, as it does in segment 5,
then westward offset of the 60-km contour is suggested between the Shasta and
Lassen volcanic centers. If the volcanic front of segment four is closer to
the 60-km contour, then the Juan de Fuca plate is dipping more steeply than
the Gorda North plate at depths greater than 60 km. In either instance, a
change in the configuration of the subducting slab is implied between the
Shasta and Lassen centers. Since roughly 4 Ma, the Gorda North plate has been
the youngest oceanic crust to subduct, and the presumably hotter and more
buoyant crust may have greater resistance to subduction [Riddihough, 1984].
The inferred change in geometry of the Juan de Fuca and Gorda North plates may
be related to this difference in subduction.

The spatial congruence between segmentation of a volcanic arc and
geometry of a subducting plate is not always observed where the two features
are determined independently. Burbank and Frohlich [1986] used hypocenters
reported by the International Seismological Center in an effort to
systematically examine changes 1in subduction-zone geometry around the
Pacific. They noted that 68% of the probable segment boundaries, defined
using earthquake hypocenters as areas where the subduction geometry changed,
were associated with noticeable changes in arc volcanism, but that these
changes seldom coincided exactly and were often separated by as much as 100
km. Our ability to match more closely the inferred changes in plate geometry
and volcanic-arc segmentation in the Pacific Northwest is likely the result of
considering longer time intervals and all of the volcanic vents. Furthermore,
the congruence of the volcanic segments and subducting-plate geometry implies
that the extent of subduction-related magma generation in the mantle is
generally well-represented by surface volcanism -- 1i.e, the crust has

sufficient extension to foster the rise of magma to the surface, particularly



in Oregon and northern California.

Basin and Range Impingement

An interesting aspect of the regional tectonic framework in which
subduction takes place is the presence of the extensional Basin and Range
province in the North American plate directly adjacent to the subduction
zone. The westward migration of basin-range volcanism toward the developing
Cascade arc is well depicted in Figures 1 and 2a. We use the term
"impingement" for the occurrence of extension-related volcanism adjacent to
the Cascade arc. Impingement occurred during the interval 5-10 Ma (Figure
1b), apparently first in the vicinity of the most northwestward group of
andesitic and basaltic vents between present-day Crater Lake and Newberry
volcanoes. Comparison of Figure 1b with Figure 2a shows that since 5 Ma there
is virtually no continuation of volcanic activity in the area of the 5-10 Ma
volcanism in south-central Oregon and northeasternmost California; volcanism
since 5 Ma in southern Oregon occurs exclusively in the narrow Cascade arc.
This cessation of basin-range volcanism is not entirely unexpected, as it is
consistent with the trend, as illustrated in Figure 1, of volcanism ceasing
behind a migratin§ zone of vents. However, it is notable that subduction-zone
geometry so thoroughly defines the overall volcanic pattern in southern Oregon
after 5 Ma.

Basaltic volcanism has continued after 5 Ma east of Medicine Lake and
Lassen Peak (Figure 2a), perhaps because the leading edge of the NNW trending
belt of basin-range volcanism impinges successively southward against the
Cascade arc. If so, basaltic volcanism on the eastern flanks of the Cascade
Range in northern California may identify where impingement is not yet

complete within the past 5 Ma. Since 5 Ma, volcanism has become more
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localized around Mount Shasta, Medicine Lake, and Lassen Peak (Figure 4). In
the Lassen area, westward volcanic contraction [Grose and McKee, 1982] has
been accompanied by a 90° change in direction of least principal stress as
evidenced by fault trends and volcanic alignments [Grose, 1985]. Over a
distance of about 50 km, the direction of least principal stress changes from
roughly northwest-southeast 10-12 Ma in the Walker Lane of the Basin and Range
to roughly southwest-northeast 0-2 Ma dfrectly adjacent to Lassen Peak [Grose,
1985; Grose and McKee, 1986]. The coeval volcanic progression and stress
changes in the Lassen vicinity document the migration of basin-range volcanism
into the Cascade region.

Juxtaposition of basin-range volcanism and tectonism with the Cascade arc
also occurs where faulting and volcanism along the High Lava Plains intersect
the arc in the vicinity of Three Sisters and Newberry volcanoces. The High
Lava Plains are recognized as the northern transform boundary of maximum
extension in the Basin and Range province, separating the Great Basin from the
Columbia Plateau province to the north [Christiansen and McKee, 1978].
Discontinuous N-S trending normal faults on both sides of the Quaternary
Cascade arc between Three Sisters and Mount Jefferson structurally define what
has been called the High Cascades graben. Smith and Taylor [1983] proposed
that the graben was formed by regional extension associated with late Miocene
mafic volcanism in central Oregon. Smith et al. [1987] concluded that
extension-related Cascade volcanism began there about 7 Ma, followed by
development of the intra-arc graben, represented by the Green Ridge fault,
about 5.3 Ma. Based on linear gravity anomalies, Couch and Foote [1983]
extended the graben structure from Crater Lake to the area between Mount Hood
and Mount Jefferson. Impingement of basin-range volcanism abparently occurred

within the period 5-10 Ma in central Oregon (Figure 1b) and thus is
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approximately coincident in time and space with the extensional volcanism that
led to the development of the High Cascades graben in central Oregon between

Three Sisters and Mount Jefferson,
DISCUSSION

The fundamental cause of the volcanic migration in the Pacific Northwest
is speculative. A model postulated by Christiansen and McKee [1978] is that
volcanic migration in the northern Basin and Range province is due to
progressive concentration of extension and volcanism in a zone of brittle
deformation; this brittle zone has expanded outward along the western and
eastern margins of the province owing to decreased rigidity of the initial
rift zone in central Nevada. Thus, the rise of basaltic magma generated at
the base of the 1ithosbhere may be successively triggered by propagating
stress relief.

Extension-related volcanism in the Cascades has been linked to a variety
of factors including subduction oblique to the convergent margin [Rogers,
1985; Bacon, 1981], increase in the spreading rate of the Basin and Range
[Priest, et al., 1983], and decrease in convergence rate between the Juan de
Fuca and North American plates [Walker and Naslund, 1986; Hughes and Taylor,
1986]. While we cannot rule out the effect of some combination of these
factors, we emphasize that regional tectonic models also should account for
the observed migration of extensional basin-range volcanism adjacent to (and
possibly into?) the Cascade Range.

In a plate-tectonic framework, the issue arises as to whether the Basin
and Range province effectively acts as a back-arc basin to the Cascade

Range. Certainly, the major episode of subduction had ceased along the coast
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of California when extension began in Nevada 17 Ma (Atwater, 1970), and thus
the entire Basin and Range province is not a back-arc basin in a strict sense
(Christiansen and McKee, 1978). Nevertheless, basin-range extension is °
spatially closely associated with the Cascade Range within the past 10 Ma.
Furthermore, petrological investigations indicate that basin-range lavas have
geochemical affinities with back-arc basin basalts; in northern California and
southeastern Oregon adjacent to the Cascades, low-potassium, low-titanium,
high-alumina olivine tholeiites, chemically similar to circum-Pacific back-arc
basin basalts, are widespread in the late Miocene to Quaternary [McKee et al.,
1983; Hart et al., 1984]. However, it is not yet clear what the stratigraphic
relations of this magma type to others is within the Cascade arc.

The vent data do not allow us to deal explicitly with processes of magma
generation. However, we wonder if basin-range volcanism and Cascade volcanism
1nv61ve contrasting mantle magmatic regimes, That 1is, does basin-range
impingement against the Cascade arc juxtapose different source regions of
primary magma, one predominantly controlled by extensional tectonism and
another deeper zone dominated by subduction-related melting? Although this
question is best analyzed by geochemical arguments beyond the scope of this
paper the vent data presented here provide a regional context for addressing
the issue,

As a final note, we point out that our assumption linking the presence of
an andesitic volcanic arc with the presence of a subducting plate at a depth
sufficient for melting processes to be sustained is a major departure from the
interpretation of the volcanic Cascade Range of McBirney [1978] and McBirney
and White [1982]. These authors have suggested that there is little direct
evidence to link volcanism in the Pacific Northwest with subduction; in their

view, even the spatial relation 1is ambiguous because the linear belt of



andesitic volcanism observed today has not been a persistent feature of the
Cascade Range. In our view, the apparent lack of a persistent volcanic arc
throughout the long history of convergence in the Pacific Northwest does not
invalidate the commonly acknowledged relation between andesitic volcanism and
plate subduction. We are particularly impressed with correlation of volcanic
segments with inferred subducting-plate geometry. Furthermore, we suggest
that the length of the Cascade arc alone is difficult to explain without

invoking causal, plate-scale interactions.

CONCLUSIONS

Pronounced spatial, temporal, and compositional variations in volcanism
in the Cascade Range are exhibited by distributions of 0-16-Ma volcanic vents,
and for this reason no single section across the rangé is representative of
volcanism for the entire range. The Cascade Range can be divided into 5
segments, with the High Lava Plains constituting a sixth, based on the spatial
distribution of nearly 3000 volcanic vents less than 5 Ma. Some aspects of
the segmentation model can be related to inferred structural elements of the
Juan de Fuca and Gorda North plates. The relation of plate-depth contours and
the volcanic front indicates that the volcanic segments reflect the variable
geometry of the subducting slab. The volcanic front is parallel to the strike
of the Juan de Fuca plate, being perpendicular to convergence direction in
northern Washington but approximately perpendicular to the ridge-spreading
direction in southern Washington, northern Oregon and northern California. A
volcanic gap between Mount Rainier and Glacier Peak is east of the portion of
the subducting plate with the least average dip to a depth of 60 km. A

narrow, N-S trending andesite-rich belt in Oregon is Tlandward of the




seismically quiet portion of the subduction zone; the eruption of andesite in
a narrow distribution suggests that the Juan de Fuca plate dips steeply
beneath the Cascade arc throughout Oregon. Paucity of vents between the Mount
Shasta and Lassen centers overlies the boundary between the Jaun de Fuca and
Gorda North plates, which have differing age and seismicity. Breaks in offset
contours of plate depth coincide with independently determined boundaries
between volcanic segments in northern Oregon and northern California.

Vent patterns since 16 Ma depict migration of basin-range volcanism
toward the Cascade arc. In Oregon, basin-range volcanism migrated adjacent to
the Cascade arc (defined here as "impingement") 5-10 Ma, and basin-range
volcanism in southern Oregon has ceased since 5 Ma. In contrast, basaltic
volcanism east of the Cascade Range continues in the past 5 Ma in northeastern
California where the impingment process apparently is not complete in that
time period. Contraction of the area of basaltic volcanism during the past 5
Ma around Mount Shasta, Medicine Lake, and Lassen Peak occurs as basin-range
volcanism migrates toward the subduction-related volcanism system beneath
northern California. In central Oregon, where the High Lava Plains intersect
the Cascade arc, impingement roughly coincides in time with commencement of

extension-related volcanism and development of the High Cascade graben.
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FIGURE CAPTIONS

Figure 1. Map of volcanic vents in Washington, Oregon, northeastern
California, and northwestern Nevada: (a) 385 vents 10-16 Ma, with outline
of area of vents younger than 10 Ma taken from Figures 1b and 2; (b) 881
vents 5-10 Ma, with outline of area of vents younger than 5 Ma taken from
Figure 2a. Vent data from Luedke and Smith [1981, 1982]. Pluses: basalt;
squares: andesite; triangles: dacite; circles: rhyolite. Large triangles
indicate locations of major Quaternary volcanoes for comparison. BAKR: Mt.
Baker; GLPK: Glacier Peak; RAIN: Mt. Rainier; STHN: Mt. St. Helens; ADMS:
Mt. Adams; HOOD: Mt. Hood; JEFF: Mt. Jefferson; 3SIS: Three Sisters; NEWB:
Newberry; CRLK: Crater Lake; MCLN: Mt. MclLoughlin; SHTA: <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>