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Table 1. Fault rupture parameters for each model. Rupture widths are at the latitude of Yaquina Bay
except Model 2Cn, which does not reach Yaquina Bay. The width for Mode! 2Cn is at the latitude of

Siletz Bay, 30 km north of Yaquina Bay. Model 14 Asperity slip is only an estimate, since no fault

ruplure model was run to generaie this Gaussian asperity. See Appendix C for further details (STZ =

seaward transition zone; LTZ = landward transition zone; LZ = locked zone).
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Figure 7 illustrates why the total displacement for the three STZ scenarios (Figure 3) are
so similar. Large “spikes” of uplift occur at the updip ends of each rupture, compensating
for decreased slip in the STZ.

Figure 8 illustrates the additional deformation from the asperity added to ScenariolA.
Scenario 1A was chosen as the background deformation for this “worst case,” because it
generated the largest tsunami run-up relative to the other fault rupture models.

Figure 9 illustrates examples of tsunami current velocity and wave elevation time histories
at representative sites in the study area for the “moderately high” run-up case, scenario
1A. These illustrations are reproduced in the legend of the tsunami hazard map to guide
local emergency and port planners regarding expected wave arrival times and hazardous
currents.

The largest differences in run-up and inundation occurred between the 1,050 km ruptures,
the 450 km ruptures, and the asperity scenario. All other variations were relatively minor,
producing inundation that was difficult to map separately in the Yaquina Bay area, owing
to its relatively high relief and shoreline protection from jetties and foredunes. The chosen
scenarios were given qualitative names to make them more understandable to the public.
Table 3 lists inundation scenarios that can be shown on tsunami hazard maps where relief
is fow and few shoreline barriers limit inundation. Only three of these scenarios could be
distinguished in the Newport area, given local topographic conditions and the base map
scale. These three were approved by a local government advisory committee. Figure 5
illustrates the large differences in inundation among the three.

Table 3. Tsunami inundation scenarios that can be mapped separately in areas of low
relief. Because of the high relief, only three of these scenarios were mapped at Newport.
All five will be used for a tsunami hazard map of Seaside, Oregon, where relief is much
lower.

Qualitative Map Label Model Mapped for Newport?
High 1A + Asperity Yes
Moderately High 1A Yes
Moderate 2A, 2B, or 2C No
Moderately Low 2Cs or 2Cn Yes
Low 1964 Alaska Teletsunami No




DISCUSSION

As illustrated by the tsunami simulations of Priest {1995) and theoretical work of Tadepalii
and Synolakis (1994), an offshore trough of coseismic subsidence leads to higher run-up
than an onshore trough, other factors being equal. Scenario 1A, the narrow rupture, thus
generated higher nun-up than Scenario 2A at Yaquina Bay (Table 2).

As the fauit slip in the STZ decreases from Scenarios 2A to 2C (Table 1); tsunami run-up
should decrease as well for most parts of the subduction zone. However, this observation
is complicated by the “spikes” of anomalous uplift in Scenarios B and C which effectively
keep the total volume of deformation similar in each case (Figures 6 and 7). This probably
accounts for the close similarity of open coastal run-up for models 2A, 2B, and 2C (Table
2). No tsunami simulation was run for model 1B, since it was apparent that it wouid not
differ significantly from models 1A and 1C (Figure 6).

In near-source areas the initially arriving tsunami wave is mostly controlled by the shape of
coseismic deformation (Tadepalli and Synolakis, 1994), so the initial wave for the 450 km
rupture model (Model 2Cs) resembles the equivalent waves from the 1,050 km ruptures.
However the decreased slip in this model causes a nearly proportional decrease in run-up
at the coast (Table 2; Figure 6), as expected from earlier work of Geist and Yoshioka,
{1996).

The 450 km rupture scenario, compared to the 1,050 km scenario, also affects 2 much
smaller part of the Cascadia margin with near-source tsunamus, although, as noted by
Geist and Yoshioka (1996), oblique wave fronts propagate north and south from the ends
of the rupture. These features will produce time histories on the margin quite different
from the 1,050 km scenarios, as oblique wave fronts refract and reflect up and down the
coast. This is not an issue for the Yaquina Bay simulation, since the 450 km rupture
(Scenario 2Cs) is located immediately offshore.

The inundation was found to be sensitive to local barriers. When run-up exceeds the
height of foredunes and jetties, inundation increased dramatically (Figure 5; Figures Al5a-
g, Appendix A). Scenario 2Cs has minimal inundation because it does not overcome most
barriers in the area. Scenarios 1A, 1C, 2A, 2B, 2C overtop most barriers, but do not have
a great deal of volume to inundate. In contrast, the asperity scenario has enough volume
to flood essentially all areas below about 3-4 m of elevation, even those 3 km from the
open coast (Figure 5).

POTENTIAL ERRORS

Types of Bottom Deformation Not Simulated: The fault dislocation scenarios do a
reasonable of job exploring large scale variation in regional flexure of the North American
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Figure 3. Schematic illustration of the coseismic slip distributions for STZ scenarios considered here. Scenario
A assumes a maximum penetration of the coseismic rupture into the STZ, Scenario B a linear transition of slip
across the STZ, and Scenario C little penetration of the rupture info the STZ.

20



INTERSEISMIC DEFORMATION

Inferseismic Movement

of the Lower Plate Coastline
STZ Either Locked or Rides Passively +
on Lower Plate (100 % Slip Deficit)
e N

Locked .Part of Upper Plate
Moves with the Lower Plate,
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Upper Plate (100 % Slip Deficit) Deficit - LTZ,

Stable Shiding

COSEISMIC DEFORMATION - SCENARIO A Coastline
(Upper Plate Pushes from Behind to
Propagate Rupture through most of the STZ) +

N

COSEIS. RUPTU
100 % Slip in LZ
plus most of the STZ

Coseismic Movement of the Upper Plate
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Figure 4. Schematic illustration of interseismic and coseismic deformation for various scenarios considered
here. The upper plate “pushes from behind” during the earthquake, propagating a rupture either partially
{Scenarios B and C, Figure 3) or completely (Scenario A, Figure 3) through the STZ. Rupture propagation may
not be entirely correlated fo the degree of interseismic “locking™ within the STZ or the coseismic energy
released, if the rupture propagates through the very weak, water saturated paris of the STZ.
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Runup at Newport [meters]
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Figure 6. Covariance of open coastal run-up elevation with total positive and negative
sea floor deformation for atl models relevant to the Newport study area. Note (1) the
similarity of run-up between the scenarios differing only with respect to slip in the STZ
fe.g. 24, 2B, and 2C, see Figure 7), (2) higher run-up of the narrow rupture scenarios
(e.g. 1A ) versus the wide rupture cases with the same slip (e.g. 24), and nearly linear
dependence of run-up on slip (see Table I for slip values).
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VARIABLE SLIP IN THE SEAWARD TRANSITION ZONE

Columbia River Profile
B.0 gy
Seaward —"Modei 2A] |Coast
Transition ---- Mode! 28
I L A Model 2C |

Meters of Vertical Displacement

0.0 500 100.0 150.0 200.0
Kilometers East of the Subduction Zone

Figure 7. Examples of three fault rupture models sharing the same overall width and
geometry (Model 2, the 140 km-wide case} but with slip in the STZ varying as in Figure
3 for scenarios A, B, and C. Note how the overall amount of displacement is about the
same for each case (Figure 6).
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Figure 9. Wave elevation and current velocity time histories for Model 1A. These examples were
shown on the map legend of the published tsunami hazard map.
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where T is the free surface elevation, «, v are the depth-averaged velocities, H is the total
water celumn, G is a weighting factor, 1y is the bottom deformation (positive for uplift}, f
is the Coriolis vector, o is the effective Earth elasticity factor, ‘¥ is the Newtonian equi-
librium tide potential, E, is the horizontal eddy diffusion coefficient, T, is the applied
free surface stress, T is the bottom friction, ¢, is the bottom friction coefficient, p_ is the
atmospheric pressure at the free surface, p is the reference density of water, and g is the
acceleration due to gravity. A Manning formulation is used to represent bottom friction.
Further details about the derivation of (EQ 1) and (EQ 2) are provided in Myers and Bap-
tista (1995).

Dirichlet boundary conditions may be imposed in one of three manners: 1) elevations may
be specified in the GWCE, 2) velocities may be enforced in the momentum equations, or
3} normal velocities may be set equal to zero to represent a no-slip condition. Transmis-
sive boundaries have been added to ADCIRC using the first of these methods. A
Lagrangian technique is used whereby the elevation at a boundary node is specified by
backtracking a distance ¢t (¢ = J/gH)in a direction specified by the nodal velocities

(6 = atan {v./u] ) and interpolating the elevation from the previous time step at this loca-
tion.

Inundation is handled inside ADCIRC through the use of an element based weiting and
drying implementation (Luettich and Westerink, 1995a, 1995b). In this approach, ele-
ments are turned on if they are considered wet and turned off if they are considered dry.
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Use of Grid 2 significantly increases the coastal wave elevations for the two scenarios
simulated on this grid, 1A and 1C. IC on Grid 2 showed much larger values than 1C on
Grid |, particularly in the north and south portions of the domain. The increased values
appear to be the result of the greater refinement, both along the coastline and further out in
the ocean, in Grid 2. This is an important result, as it provides a standard for what levels of
grid refinement need to be used in studies such as this. Too little refinement can signifi-
cantly dampen the resulting waves. The grids used here are approaching 100,000 nodes,
with levels of refinement at Newport and Seaside approaching 5 meters. This was not fea-
sible on the computers of a couple years ago and is currently pushing the limits of today’s
state-of-the-art computers.

Bathymetry is also an important factor which influences which coastal regions will be sus-
ceptible to higher energy waves. Shallow banks and canyons can focus the energy of
waves towards certain regions. The effect of bathymetry on wave elevations is exempli-
fied in Figures A l4a-g which show isolines of maximum elevation for each of the seven
scenarios. Numbers were not placed on the isolines {the same isolines were used for each
figure), because it is the pattems of the isolines which instead yield insight into the bathy-
metric focusing mechanisms affecting the wave propagation. In each of these cases
(except 2CN), the isolines show that higher wave elevations occur over offshore banks on
the shelf off Yaquina and Alsea Bays. These patterns of isolines at this latitude are associ-
ated with a shallow bank along the continental shelf which is acting to “bend” the wave
train inward towards Newport and Alsea Bay. The canyons off the coast of the Columbia
River, Willapa Bay, and Gray’s Harbor can also act to change the propagation of the initial
wave train.

The location of the deformation front for each scenario can also be seen in Figures Alda-g
by the concentration of isolines further out in the ocean which run parallel to the coastline.
The deformation generally occurs further out in the ocean in the northern portions of the
domain. Thus, the initial waveforms in the north have more of a chance to amplify as they
head towards the coast, although it will take those waves longer to reach the coast than in
the south.

Local Modeling Results

While regional features can influence the spatial variability of the tsunami impact, local
features will likewise play a significant role in determining the fate of the waves as they
reach land. Figures A15a-g show the maximum velocity vectors throughout each simula-
tion. The dark line in each of these figures is the coastline, so any velocity vectors which
are located inside the coastline represent poaints which were inundated by the modeled tsu-
namis. Figures Al15a and A15b (1A and 1C, respectively) show the most inundation and
generally have fairly uniform maximum velocity vectors in the same areas (i.e. zooms of
the various portions of the bay show vectors which are generally pointing in the same
direction). The inundation for 1A and [C comes from two primary points: 1} a narrow val-
ley in the southern end of the South Beach State Park, and 2) from the Yaquina Bay chan-
nel into the north end of the South Beach State Park. Figures A15¢c and A15g (2A and
2CS, respectively) have more scatter among maximum velocity vectors in the same
regions. Interestingly, these two simulations differ from the others in that no diffusion was

36





















£v

Surfacing of Subduction Zone
Seaward Transition Zone
- Model 1 350° Isotherm

- - -- Model 1 450° Isotherm

— —~ Model 2 350° Isotherm

— - — Model 2 450° Isotherm

Figure A2 Geologic boundaries for cases 1 and 2
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Figure A5k Zoom of grid 1 at Newport
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Figure A1l Numerical modeling results compared to tide gauge observation at Yakutat, AL for the 1964 Alaska tsunami (image of tide

gauge observation extracted from Committee on the Alaska Earthquake of the Division of Earth Sciences National Research Council,
1972}
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ends of the buried ruptures. Left lateral faults bounding large clockwise
rotating upper plate blocks in areas of oblique convergence can partition the
strike-parallel component of convergence, possibly lowering coseismic slip by
as much as 13 percent relative to all models.

INTRODUCTION

Scientific Andings of the last several years have shown that the Oregon coast is
vulnerable to great (M 8-9) earthquakes that can occur on the offshore
Cascadia subduction zone fault system (Figure C1; see Madin, 1992, Atwater
and others, 1995, and Nelson and others, 1995, for summaries). Such
earthquakes can generate tsunamis that will be very dangerous to populated
areas of the Pacific Northwest coast. This study explores possible fauit
dislocation scenarios for great earthquakes on the Cascadia subduction zone.
These scenarios will provide sea floor deformation for a companion study of
numerical slmulations of tsunami inundation. Avallable data on the geometry
of the Cascadia subduction zone and paleoseismic history of earthquakes and
tsunamis is used to constrain possible dislocation scenarios.

The impetus for the study is the need for the Oregon Department of Geology
and Mineral Industries (DOGAMI) to produce tsunami inundation maps for the
Oregon coast. Varlous map products are used by evacuation planners and by
building codes officials in charge of implementation of Oregon Senate Bill 379
(SB 379). SB 379 limits construction of certain critical and essentlal facilities
in potential tsunami inundation zones.

PREVIOUS WORK

Whitmore (1993; 1994) produced estimates of expected tsunami amplitudes
from a M_ 8.8 earthquake extending 650 km along the Cascadia Subduction
Zone. This dislocation model was based on a fault segment rupture postulated
by Weaver and Shedlock (1989) to extend from southern Washington to
northern California (41.5° N lat.).

Priest (1995), in cooperative work with Oregon Graduate Institute of Science
and Technology, utilized this same rupture length to explore dislocation
scenarios. He tried to make the scenarios consistent with prehistoric coseismic
deformation at estuarine marsh sites, the dip of the subduction zone, as
imaged by seismic reflection and refraction data, and the thermal regime,
Fault dislocation modeling was based on either (1} a three-dimensional (3-D}
dislocation model derived from Okada (1985) that simulates vertical
deformation of rectangular fault planes after coseismic slip on fully locked
faults, or (2) linear extrapolation of 2-D profiles of coseismic deformation
derived by reversing interseismic uplift and subsidence rates of Hyndman and
Wang (1993). Hyndman and Wang’s (1993) simulations of interseismic
deformation on the Cascadia subduction zone were based on the 2-D
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dislocation model of Savage (1983), which incorporates the effects of full and
partial locking on the fault plane. Their models simulated the transition from
zero to 100 percent slip deficit in the brittle-ductile transition at the down dip
(landward) end of Cascadia ruptures (Figure C2). The models could also be
used to simulate similar transitions in slip deficit in the up dip (seaward)
direction as well (Figure C2). Neither the 3-D nor 2-D model could simulate the
complex behavior of the fault zone at sharp changes of strike and dip like those
that occur in southern Washington (Figure C1; Weaver and Shediock; 1989).
Changes in strike and dip can be approximated by hand smoothing the data
between adjacent rectangular models (3-D cases) or transects (2-D cases) (e.g.
Priest, 1995}, but this is not an accurate way to simulate fault behavior,

Priest (1995) found that when 2-D and 3-D models were constrained by the
same paleoseismic estimates of coseismic subsidence, the 2-D model produced
tsunami run-up large enough to explain known paleotsunami deposits,
whereas the 3-D model produced tsunamis that were too small. The reason
the 2-D method produced higher run-up was its ability to simulate partial
locking on the subduction zone. Partial locking in the landward transition
from stick slip to stable sliding behavior (Figure C2) spreads the vertical
deformation over a larger area, effectively lowering the subsidence for a given
amount of slip. Incorporating the transition zone demanded larger slips (and
associated sea floor uplift) to produce the maximum of 2 m subsidence
indicated by the paleoseismic data.

This paper summarizes the results of modeling coseismic deformation on the
Cascadia subduction zone using software developed by Fleuck and others (in
press) that allows fully three dimensional (3-D) simulation of locked and
partially locked zones. This technique, when combined with geological and
geophysical constraints, offers a powerful tool for evaluation of fault rupture
scenarios.

ANALYTICAL METHOD
Fault Dislocation Model

The fault dislocation model used here is the method of Fleuck and others (in
press). They developed a 3-D fault dislocation model based on point source
solutions of the Okada (1985) equations for surface deformation and strain due
to shear faults in an elastic half space. A FORTRAN program was written that
uses equations (8) and (16) of Okada (1985} to calculate surface deformation
and strain due to a point source. Analytical expressions for 3-D simulation of
surface deformation and strain caused by fault slip can be obtained by
integrating this point source solution over the fanlt plane. The fault plane is
divided into a number of triangular elements, each with a finite area, and a
point source is located at the center of mass of every triangle. The solution for
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deformation at a surface observation point is obtained by summation of the
point source solutions over all triangular elements.

Fleuck and others (in press) tested the 3-D model and found that it reproduced
surface deformations from Okada’s (1985) 3-D rectangular solution and
Savage’s {1983) 2-D solution. The best fits were obtained by descretizing the
calculation to sufficient triangular elements to reproduce a smooth pattern of
displacement.

Sensitivity Analysis

Fleuck and others (in press) also performed sensitivity analysis for variations in
thrust fault width, dip, depth, displacement, and transitions between full and
partial slip. They found that the fault parameters generally follow simple
geometric predictions. Simple geometry demands that decreasing the vertical
component of displacement, by decreasing dip or slip, decreases vertical
deformation. Deeper burlal of the rupture produces smaller, broader surface
deformation (Figure C3). Likewise, increasing the width of the nipture
broadens the zone of coseismic uplift and subsidence but without significant
decrease In vertical displacement for a given slip (Figure C4). The trough of
maximum subsidence over a fully locked rapture lies approximately above the
down dip end of the rupture (Figure C3).

When the rupture is buried, part of the horizontal deformation is transferred
into vertical deformation, owing to compression where the thrusting block runs
into a resisting mass at the unruptured end of the buried fault (Figure C3).
The resulting “spike” of uplift at the up dip end of the rupture decreases with
increasing burial and disappears altogether when the fault slips all the way to
the surface (Figure C3). This “spike” may not be a realistic representation of
subduction zone behavior, since it is unlikely that the youthful sediments in
the seaward portion of the fault zone would offer complete compressional
resistance to failure on a buried rupture. The fundamental problem is that the
accretionary wedge probably acts to some degree as an inelastic body ruptured
by numerous faults, while the model is treating it as an unbroken elastic body.
Priest (1995) found that this spike added about 3 percent to the run-up
elevation on Cascadia subduction zone scenarios with narrow (5 km) seaward
transition zones.

The down dip end of a subduction zone rupture will likely be a zone of
transition between brittle and ductile behavior, corresponding to temperatures
between 350° C and 450° C (Figure C2; Hyndman and Wang, 1993; 1995). The
effect of adding a down dip transition zone, decreasing linearly from full slip to
zero slip in down dip direction is illustrated in Figure C5. Uplift and horizontal
deformation are shown for a fault with 50 km locked and 50 km transition,
compared to fully locked zones with widths of 50, 75, and 100 km. The
transition zone does not influence the deformation near the up dip end of the
fault, and coseismic subsidence is lower and wider with a transition zone than
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major problem that must be addressed is the pattern of increasing
paleoseismic subsidence landward of the coast at Grays Harbor, Willapa Bay,
the Columbia River, Yaguina Bay, and the Siuslaw River (Peterson and others
[1997], their Tables 6 and 7). The maximum paleosubsidence in southern
Washington and the Columbia River is on the order of 1.5-2+ m (Peterson and
others, 1997). It is apparent from Figure C5 that, if this subsidence is
coseismic with megathrust events on the Cascadia subduction zone, it was
caused by slip on the order of 10-20 m on a rupture extending onshore. The
large variability of the subsidence from event to event vertically in single driil
core samples (Peterson and others [1997], their Table 7 and Appendix 1) makes
it clear that paleosubsidence has not had a constant pattern through time, so a
variety of rupture scenarios can be accornmodated by the data.

Fault Length

Dependence of Maximum Rupture Length and Recurrence: As noted by Scholz
(1982), mean coseismic slip and rupture length for subduction zone
earthquakes appear to be linked such that slip = 2 X 10° X length. Romanowicz
and Rundle (1993) postulated that width rather than length is the controlling
variable for slip, but much of their data comes from historical records for strike
slip earthquakes rather than interplate thrust events (Scholz, 1994); hence the
Scholz ratio will be assumed to apply in this study. Since the maximum
amount of slip is dependent on recurrence interval (interseismic strain
accumulation), recurrence and rupture length are discussed together.

Mean Recurrence: The mean recurrence is difficult to specify, owing to large
errors in the paleoseismic estimates of earthquake age (Nelson, 1992; Atwater
and others, 1995}, but some crude calculations can be made. Mean recurrence
is 400 + 200 years for northern Oregon estuaries (Darienzo and Peterson,
1995). Atwater and Hemphill-Haley (1996) estimate a recurrence of 500-535
years at Willapa Bay, Washington but note the high variability of interseismic
intervals, which range from a few centuries to about 1,000 years. Geomatrix
(1995)", utilizing most available paleoseismic data for the last 2,800 years
suggest that “the entire margin is involved In sequences of ruptures (either
single ruptures or multiple, closely spaced in time, ruptures) and that the
average Interval between these sequences is 450 [years] with a 90% confidence
interval of 200 years (assuming at most five independent sequences are
represented in the data).”

Assuming the Scholz (1982) ratio of slip to length, earthquakes that rupture
lesser lengths of the margin will have smaller recurrence intervals. For

'Geomatrix Consuttants were hired by the Oregon Department of Transportation fo do a
statewide probablistic accelergtion map to guide highway constructlon practices. This
extensive study enlisted the help and advice of most of the scientlsts actively researching
Cascadia subduction zone earthquakes in the Pacific Northwest. The report from this effort
summarizes most of the available information up to 1994,
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example, Geomatrix assigned an appropriate probability distribution and
calculated that lengths of 450 km, 250 km, and 150 km give recurrences of
225, 112.5, and 64 years {Geomatrix, 1995}. Atwater (1996) points out that
“recognized geologic evidence for great Cascadia earthquakes implies
recurrence intervals mostly longer than 300 years.”

If the multiple segment rupture model is the rule instead of the exception, then
there should be many tsunami sediment layers between coseismically buried
soils, since tsunamis from ruptured segments would inundate adjacent
segments. Darlenzo and Peterson (1995) argue that most potential tsunami
sediment layers preserved in marshes on the Cascadia margin are directly atop
buried soils thought to record coseismic subsidence from subduction zone
events. One notable exception is a probable tsunami deposit that lies between
the uppermost two buried soils in Oregon estuaries north of Yaquina Bay
(Darienzo and Peterson, 1995; Peterson and Priest, 1995). Examination of the
stratigraphic evidence in southern Washington (e.g. Atwater and Hemphill-
Haley, 1996) shows a similar lack of potential tsunami sediments other than
atop buried soils. Some buried soils may be the result of local faulting, and
tsunarmi deposits are not always preserved or deposited owing to local
variations in current velocity, sediment supply, and post-depositional erosion.,
The paleoseismic data thus offers only permissive evidence that single large
niptures may be more commmon than a number of small ruptures clustered in
tirne.

The most completely studied Cascadia earthquake is the one that occurred
about 300 years ago (Atwater and others, 1995; Nelson and others, 1995).
Nelson and others (1995) conclude that the most reasonable earthquake
scenario that could explain paleoseismic data for this earthquake is a single
rupture that encompassed most of the length of the subduction zone, a
distance on the order 1000 km. A series of smaller earthquakes are aiso
consistent with the data, but they would have had to occur within a period of
less than 20 years to explain the dendrochronologic ages of trees killed by
coseismic subsidence (Nelson and others, 1995). World wide analogues for
multiple ruptures on this time frame are rare (Nelson and others, 1995} and
there is no paleoseismic evidence to support this scenario. Unless the ruptures
occurred over periods of a year or less, multiple tsunamis so generated would
leave stratigraphic records of sand layers with intervening intertidal mud
layers, but such records are rare in the paleoseismic data for the last event,
even in areas with rapid estuarine sedimentation (Peterson and Darienzo,
1992: 1996; Darienzo and Peterson, 1995). instead, most candidate tsunami
deposits, particularly those thought to correlate with the 1700 AD event, are
single thin blankets of sand with negligible intertidal mud interbeds (Atwater,
1992; Peterson and Darienzo, 1992; 1996; Clague and Bobrowsky, 1994;
Darienzo and others, 1994; Darienzo and Peterson, 1995; Peterson and Priest,
1995; Peterson and others, 1997). Therefore there is, again, permissive
evidence that at least one of the Cascadia earthquakes may have ruptured
nearly the entire length of the subduction zone.
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In assigning weighted probabilities for various rupture scenarios, Geomatrix
(1995) gave a low weight to a whole-subduction zone rupture, because they
could find no historical precedent for a subduction zone rupturing its entire
length, and because the aspect ratio (length/width) would be higher than
suggested by worldwide data. They also cited lack of historical records in
Japan of teletsunamis that might be attributed to magnitude 9+ Cascadia
events, particularly the 300 year event. Satake and others (1996) concluded
from study of historical records in Japan that a destructive tsunami striking
the Japanese coast in 1700 AD is consistent with a magnitnde 9 Cascadia
subduction zone earthquake that mptured the most of the subduction zone.
Uncertainties in the numerical simulation of Satake and others (1996),
however, make the magnitude assignment highly speculative, and sources
other than Cascadia are not ruled out. The match of this date to the
dendrochronologic data of Nelson and others (1995) is, however, permissive
evidence of a Cascadia event. Continued studies of the dendrochronology of
this earthquake in southern Washington have recently naxtowed the
uncertainty to about 1 year relative to the 1700 AD date (Atwater, 1997,
personal communication), so it appears even more likely that the 1700 AD
teletsunami in Japan is this Cascadia event.

Recurrence and Coseismic Subsidence: Using mterseismic deformation rates
from the preferred fault dislocation model of Hyndman and Wang (1993), Priest
(1995} concluded that about 400-450 years of interseismic strain accumulation
would be needed to produce the maximum of 2.0-2.25 m of coseismic
subsidence estimated from paleoseismic data at the Columbia River estuary
and Willapa Bay (Peterson and others [1997], their Tables 6 and 7). However,
he assumed that the interseismic uplift rate estimated from the elastic
dislocation model of Hyndman and Wang (1993) was constant throughout the
interseismic period. In reality the rate of interseismic uplift is probably higher
in the early part of the cycle, becoming relatively constant after about 300
years (Dragert and others, 1994; Wang and others, 1994). For example, a
viscoelastic model approximately matching the fault parameters of Hyndman
and Wang (1993) for the Columbia River area predicts maximum uplift rates
greater than 10 mm/yr during the first 100 years after an earthquake, falling
to ahout 5 mm/yr after 300 years, and 4.5 mm/yr at 500 years (Wang and
others, 1994, their Figure 8b, p. 118,). Therefore the predicted maximum uplift
is in excess of 2.6 m over a 450-year cycle. This uplift is larger than the 2.25
m maximum interseismic uplift derived for 450 years from the elastic model of
Hyndinan and Wang (1993), but within the range of uncertainty in maximum
coseismic subsidence estimated from the paleoseismic data of Peterson and
others (1997) at the Columbia River. They found that maximum coseismic
subsidence there needs to be at least 1.6-1.9 m in order to explain local
sediment cores with high marsh soils overlain by intertidal muds. This
interpretation is based on surveys of the vertical separation of modem high
marsh and tide flats at Deep River, Blind Slough, and the John Day River (all
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in the Columbia River estuary). Similar observations have been made in the
Willapa Bay area, where greater than about 1.5 m subsidence has been
estimated (B.F. Atwater, 1996, personal communication; Peterson and others,
1997). Changes in micopaleontological assemblages at Grays Harbor are
consistent with at least one coseismic subsidence event in excess of 1.5 m
(Shannon, 1996).

The upper limit of subsidence is not, however, well constrained by these data.
Post-seismic rebound (e.g. Plafker, 1978; 1988; Wang and others, 1994) may
be so rapid that the maximum subsidence does not leave a stratigraphic
record. Peterson and others (1997) list mean vertical separations of 1.6-2.4 m
for modern forests at marsh edges (tree roots in peat) to tidal flat conditions
(organic-poor mud) in northern and central Oregon estuaries. Higher
elevations have less peaty soils as oxidation increases, so larger subsidence
than 2.4 m should be noticeable but may be difficult to identify in practice.

The minimum coseismic subsidence needed to bring forested marshes to tidal
flat elevations may be lower where there is a restricted tidal range or where
fresh water dominates the estuary {Peterson and others, 1997). An example is
the Copalis River area where forested high marshes can reach as low as 0.5 m
above tide flats (Atwater and Hemphill-Haley, 1996). Data from areas with
small tidal ranges were excluded from the compilation of Peterson and others
(1997). Areas underlain by thick sections of Holocene sediment may be subject
to settlement from compaction during or after an earthquake, thus
exaggerating estimated coseismic subsidence. Hence, the main error that
could reduce estimated coseismic subsidence is from compactton, and this is
not quantified in the compilation of Peterscn and others (1997). However, they
reduced the bias from this factor by documenting paleotidal level change from
multiple sites in the palecsubsidence localittes.

In any case, the minimmum subsidence of 1.6-1.9 m in the Columbia River
estuary is similar to the 2.3 m estimated for the 1964 Alaska and 1960 Chilean
earthquakes (Plafker, 1972). Both of these earthquakes had rupture lengths
approaching 1000 km, similar to a maximum Cascadia event. However,
significant differences in age (temperature) of the subducted plate and
convergence rate between these subduction zones and Cascadia make direct
comparisons tenuocus at best.

Segmented Ruptures: All subduction zones appear to nipture more or less
randomly within and across various segment boundaries (e.g. Ando, 1975;
Huang and Turcotte, 1990}, so a segmented rupture will almost certainly occur
at Cascadia In the future. The Geomaitrix (1995) analysis assigned the highest
probability to a maximum nipture length of 450 km, based on a statistical
analysis of aspect ratios of large (magnitude >7.0) thrust earthquakes and
potential geological segment boundaries. Goldfinger and cthers (1992a; 1992b;
1993; 1994) argue that ruptures on Cascadia should be 600 ki or less in
length because of the narrow locked width (aspect ratio), particularly in
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northern Oregon, heterogeneous uplift rates onshore, the broad, weak
accretionary wedge, and total lack of seismicity in the wedge. McCaffrey and
Goldfinger {1995) concluded that Cascadia has a weak deforming upper plate
similar to subduction zones world wide that lack great (magnitude 9}
earthquakes.

Darienzo and Peterson (1995) note that the second coseismic subsidence event
from the top of the stratigraphic sectlon at Yaquina Bay is absent at Netarts
Bay and represented by only weak subsidence evidence at Siletz Bay. However,
a tsunami sand layer lles in the same stratigraphic position as this event in
most northern Oregon estuaries (Peterson and others, 1993; Darlenzo and
Peterson, 1995). Darlenzo and Peterson (1995) suggest that segment
boundaries for this event may lie on the north-central Oregon coast either
between Netarts and Nestucca Bays or between Siletz and Yaquina Bays. The
weakness of this evidence is the uncertain correlation between possible
tsunami sands and buried soils among these estuaries. Scatter in the
radiocarbon and stratigraphic daia allow a number of possible interpretations.

Geological and geodetic discontinuities at the latitude of Netarts-Yaquina Bay
also make this area a possible segment boundary. Near zero geodetic uplift
rates increase north and south of the area to values of 1-4 mm/yr (Mitchell and
others, 1994). This part of the margin is also characterized by a wide, weak
accretionary wedge with landward vergent thrust faults (e.g. Cochrane and
others, 1988; Goldfinger, 1994; Goldfinger and others, 1992b). A particularly
well developed west northwest left lateral fault cuts the accretionary wedge
(Wecoma Fault of Goldfinger and others, 1992b). The youngest Pleistocene
marine terrace is cut by faults 5 km south of Siletz Bay at Fogarty Creek and
Fishing Rock (Priest and others, 1994). The Wecoma Fault projects to the
coastline at about 44.75° N, whereas the faults at Fishing Rock are at about
44 .84° N. Segmented rupture scenarios utllized here will terminate at a
somewhat arbitrary average position of 44.8° (Depoe Bay, Oregon). This
segment boundary will be used for the 450 km rupture scenarlos, the most
probable earthquakes from the Geomatrix (1995) study.

Conclusions: We conclude that recurrence is on the order of 250-650 years
with a mean near 450 years. Large earthquakes rupturing much of the
subduction zone in single events are possible though not necessarily the most
likely scenarios. The best studied nupture, the 1700 AD event, may have had a
length approaching 1,000 km, most likely rupturing in a single earthquake. A
scenario rupture extending from the Nootka Fault to the Mendocino Fracture
Zone, a distance of 1,050 ki, will be simulated here as a maximum possible
event. This scene will place an upper limit on rupture length.

The most probable case from the Geomatrix (1995) analysis is a rupture 450
km long. Two scenario ruptures should be considered, one propagating 450
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km north to southern Vancouver Island and one propagating south to Eureka,
California from 44.8° N latitude.

Fault Strike

The surface trace of the model fault was assumed to coincide with the
deformation front. The location of the deformation front is taken from
Goldfinger and others (1992b), Clarke (1992}, Clarke and Carver (1992), and
Fleuck and others (in press). Note, however, that much of the north central
part of the margin is characterized by landward vergent thrust faults at the
deformation front, so no simple surface trace exists for the megathrust. This
complication is ignored in the models, the most seaward fault being assumed
to be a simple seaward vergent thrust.

Fault Dip

Megathrust: Fault dip is assumed to correspond to the dip of the décollement
on the Cascadia subduction zone. The décollement is thought to lie near the
top of the subducted oceanic plate throughout much of the margin (Davis and
Hyndman, 1989; Hyndman and others, 1990; and Hyndman and Wang, 1993).
The geometry of the décollement below a depth of about 5 km is taken from
Fleuck and others (in press) who refined the geometry of Hyndman and Wang
(1995) utilizing Benioff-Wadati seismicity, selsmic reflection, seismic refraction,
teleseismic wave form analysis, and seismic tomography. Their structure
contours on the top of the slab, referenced to mean sea level, are shown in
Figure C9. The vertical positional error on the contours is estlmated to 0.5
km for the seaward end, increasing to +5 km at depths of 50 km. The
décollement dips 8-12° in potentially seismogenic parts of the subduction zone.
The actual model fault plane was smoothed through the data of Fleuck and
others (in press) utilizing a polynomial function.,

The seaward 2-5 km of the simulated fault plane is extrapolated from the top of
the subducted slab to the surface trace of the deformation front utilizing a
polynomial curve (Figure C10). The thick (2-3 km) cover of sediment on the
subducting slab makes this extrapolation necessary. This locally steeper dip
produces a larger component of vertical uplift for a given model slip in this
narrow zone.

Secondary Faults: Some portion of the coseismic slip on the Cascadia
subduction zone may be partitioned into a variety of secondary faults and folds
within the accretionary wedge (e.g. Clarke and Carver, 1992). The dip of these
faults increases as they near the surface, approaching 25-45°, so the amount
of net slip partitioned into vertical deformation is higher on these structures
than on most of the décollement. Sensitivity analyses by Geist and Yoshioka
(1996} determined that, given an equal slip, seaward vergent (landward
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dipping) thrust faults produce the largest tsunami run-up of any fault type,
including the megathrust, since the megathrust has a much lower dip.
Berryman and others (1989) found that Holocene uplift assoclated with a serfes
of seaward vergent thrust faults over a 500 km length of the Hikurangi
subduction zone displayed very complex spatial and temporal variation.
Offshore mapping of analogous structures on the Cascadia margin (Goldfinger
and others, 1992a; 1992b; 1993; in press; Clarke, 1992), reveals that most of
themn are irregular and discontinuous, the largest ones varying in length from
20- to 80 k. Simulating their behavior is beyond the scope of this study, but
their effect on tsunami generation could be important for local areas.

Fault Slip

Ratio of Seismic to Aseismic Slip: To a first approximation, slip magnitude
during large subduction zone earthquakes is equivalent to total plate
convergence between earthquakes (Davles and Brune, 1971). Later
investigations {(e.g. Kanamori, 1977) discovered that in most cases only a
portion of this convergence slip is expressed as seismic slip, the rest occurring
as aseismic slip between earthquakes. Ratios of seismic to total convergence
slip (coupling ratio) range from about 0.2 to 0.9 for subduction zones
geologically similar to Cascadia (Rogers, 1988). Observations (Pacheco and
others, 1993) and theoretical considerations (Wang, 1995) suggest that ratios
of 0.2-0.4 can be expected for most subduction zones. Based on the low
seismicity of the Cascadia subduction zone, Acharya (1992) argued that
seismic slip on Cascadia could be as little as 7 mm/yr (coupling ratio of about
0.2). Geomatrix (1995) estimated moment magnitudes for various Cascadia
events based on a statistical analysis of world wide data and possible scenario
ruptures. The slip derived from their moment magnitudes for 450 km ruptures
varied from 3-6 m, depending on the rupture width chosen. Slip for 1000 km
ruptures varied from 5-11 m. Assuming about 18 m of convergence over a 450
years recurrence, these slips correspond to effective coupling ratios of 0.17-
0.33 for the 450 km rupture and 0.28-0.61 for the 1000 km rupture.
Kanamort and Astiz (1985) estimated a coupling ratio of 0.3 for subducting
plates as young as the Juan de Fuca Plate. However, they also estimated that
seismic slip of about 20 m equaled total interplate convergence for the 1960
Chile earthquake (coupling ratio of 1.0), which, in the southernmost 250 ki,
has subducting oceanic crust as young as that at Cascadia (Heaton and
Hartzell, 1986, their Figure 5). Ward and Barrientos (1988) estimate that this
southernmost part of the 1960 rupture had at least 20 m of coseismic slip, but
their estimate is based on geodetic data which cannot distingnish between
prompt slip during the megathrust event and slip from aftershocks and creep
within hours to months of the event. indeed the theoretical work of Wang
(1995) indicates that significant slip may occur immediately after a great
earthquake. Clearly the prompt slip is all that is relevant to tsunami
generation. The uncertainty in coupling ratio is therefore 0.2-1.0, based on
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analogues to Cascadia, but ratios in the range of 0.2-0.4 are most probable
with regard to prompt slip at the time of a great megathrust earthquake.

Assuming a fixed ratio of length to slip (i.e. Scholz, 1982), Rogers (1988}
showed that a coupling ratio of 0.3 demands unrealistically long repeat times of
1300-1600 years for ruptures covering the Juan de Fuca or Juan de Fuca-
Gorda plate interface with the North American Plate (i.e. the 1,050 km rupture
scenario). The alternative is that segments about 300 km long rupture every
450 years. Assuming the Scholz (1982) ratio of slip to length, only 5-6 m of
slip is needed for a 300 km rupture. Priest (1995) showed that, regardless of
the fault dislocation model used, slip of less than about 10 m {coupling ratio of
0.5-0.6 for 450 years of convergence) does not generate the needed maximum
1.5+ m coseismic subsidence estimated from paleoseismic data (e.g.
paleoseismic data from the Slack site of Darienzo and others, 1994; Netarts
sites of Darienzo and Peterson, 1990; Grays Harbor, Willapa Bay, and
Columbia River sites of Peterson and others, 1997). This conclusion is
consistent with the fault dislocation models in this paper as well. Rogers
(1988; his Table 2) showed that, if the recurrence rate is 466 years for a single
rupture encompassing the Juan de Fuca-Gorda plates, the ratio of seismic slip
to total convergence slip would be on the order of 1.0 {(no aseismic slip). This is
close to the mean Cascadia recurrence estimated independently from
paleoseismic data (Geomatrix, 1995; Darienzo and Peterson, 1995; Atwater and
Hemphill-Haley, 1996).

As mentioned above, these arguments do not rule out occurrence of some large
portion of the slip as aftershocks and creep immedlately after a megathrust
event. These slips may be considered “coseismic” in the context of some
geophysical analyses, whether or not they generate enough deformation to
cause significant tsunamis. The paleoseismic data also cannot distinguish
prompt subsidence of a great earthquake from that caused by creep or
aftershocks happening hours or days later. There is plenty of variation in
coseismic subsidence from event to event, as Inferred from vertical cores
through sequences of buried soils (Peterson and others [1997], their Table 7
and Appendix 1), so events with less than the maximum subsidence are
recorded in the same areas where maximum values have been found (e.g.
Peterson and others, 1997). Hence, the data do not rule out slips of less than
10 m or segmented ruptures. The entire argument also hinges on the fixed
ratio of slip to length found by Sholz (1982), which, as discussed above, is open
to debate.

While it is recognized that a coupling ratio near 1.0 is unlikely from a
theoretical point of view, it will be used here to establish an upper limit for
coseismic deformation and associated tsunami generation. A coupling ratio of
about 0.5 will in effect be emulated by the 450 km rupture scenario, since, as
explained below, it will have about half the slip of the scenario 1,050 km
rupture.
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Calculation of Slip: Coseismic slip was calculated by multiplying the
convergence rate by recurrence, so the coupling ratio was assumed to be 1.0.
The rate and direction of convergence of the Gorda and North American Plate is
not known with certainty, owing to probable internal deformation of the Gorda
Plate, but the rate of convergence probably follows the southerly decreasing
pattermm apparent in the data for the Juan de Fuca Plate {(e.g. Riddihough,
1984). Hence, all slip calculations are based on the Euler pole solution for
Juan de Fuca-North American Plate motion from DeMets and others (1990}.
Convergence direction varies from N69°E to N59°E and convergence rate 44 to
34 mm/yr from north to south.

A mean recurrence of 450 years ylelds a slip on the order of 15-20 m at these
convergence rates. The scenario segment riptures of 450 km length yield slip-
length ratios of 3-4 X 10°, much larger than the 2 X 10°ratio of Scholz (1982).
Slip should be about 9 m for such a short segment rupture. This slip demands
a recurrence between of 205 and 265 years for the convergence rates used
here. Assuming convergence at about 40 mm/yr, mean recurrence of about
225 years is appropriate for calculation of slip for the two segmentation
scenarios. The slip so calculated effectively emulates a coupling ratio of about
0.5 for the known recurrence of 450 years.

Utilizing a 450 year recurrence yields a slip-length ratio of 1.4-1.9 X 10°for a
rupture 1,050 km long, well within the error for the regression of Scholz (1982).
These values are similar to the 1.9 X 107 ratlo for the 1960 Chilean
earthquake, which had a nupture geometry similar to that assumed here
(Scholz, 1982).

Secondary Faults: As explained above, some portion of the slip in a
megathrust event may be partitioned into secondary faults of the accretionary
wedge. Clarke and Carver {1992) found good temporal correlation between
probable Cascadia megathrust events and thrusting events on the Little
Salmon and Mad River fault zones. The Holocene slip rate on these structures
is 6-12 mm/yr, so a significant proportion (17-34 %) of convergence is taken
up at faults 50-60 km landward of the deformation front (Clarke and Carver,
1992). According to Clarke and Carver, each thrust event on the two faults
had 1-4.5 m of displacement; assuming about a 40° dip (from their cross
section of the Little Salmon fault, p. 189), about 0.6-2.9 m of vertical
displacement would occur over a narrow zone where the dip was this high.
This amount of vertical displacement would probably be important for tsunami
generation over the strike length of these faults, but the complexity of
simulating these structures is beyond the scope of this study.

McCalffrey and Goldfinger (1995} argue that nearly all of the strike-parallel
component of convergence is taken up by inelastic deformation in the North
American Plate. The hypothesis is that the strike-parallel component drives
clockwise rotation of large blocks of the upper plate. Goldfinger and others
{1992a; 1992b; 1993; in press) mapped 9 west northwest trending left lateral
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Washington, concluded that the strain regime is dominated by the subduction
zone. A further assumption is that the pattern (i.e. lateral positions) of
contemporary uplift and subsidence is representative of the total interseismic
strain history, so reversing the interseismic deformation will yleld reasonable
estimates of the pattern of coseismic deformation. The latter assumption
appears to be valid in general, since study of viscoelastic strain models reveals
that after the first hundred years following a model Cascadia subduction zone
event, the lateral positions of interseismic uplift and subsidence zones do not
change appreciably {Dragert and others, 1994; Wang and others, 1994). The
last earthquake was likely in 1700 AD, about 230 years before the interval of
geodetic observations, so geodetic strain patterns should approximate the
pattern of interseismic strain.

The widths of locked and transition zones estimated by Hyndman and Wang
(1995) from the pattern of geodetic strain are shown in Figure Cl1a). The
widths match their estimated location of the 350° C and 450° C isotherms
within the large uncertainty in the thermal data (Figure C11a). Fleuck and
others (in press) refined the preferred model of Hyndman and Wang (1995), but
did not change it significantly (Figure C11b).

Savage and others (1991) fit the interseismic strain data in Washington to a
locked zone extending 100 km down dip with a transition zone extending
landward an additional 75 km. The equivalent widths of locked and transition
zones estimated there by Hyndman and Wang (1995) are 90 km and 20 km.
Hence, the overall deformation model is very similar for the two cases, even
though the basic assumption about thermal control on the locked zone (350° C
for Hyndman and Wang; 450° C for Savage and others) was different.

Locked and Landward Transition Zones: Paleoseismic and Geologic
Constraints: Priest (1995) found a mismatch between the pattern of coastal

coseismic deformation predicted by paleoseismic data and the pattern
predicted by geophysical models of regional plate flexure of Hyndman and
Wang (1993; 1995). The match was relatively good from the Columbia River
north, where the geophysical data governing the Hyndman and Wang (1993;
1995) models was of highest quality. The match was poor in northern and
central Oregon, where the geodetic data has large errors and where there are
somewhat fewer geophysical constraints on the dip and temperature of the
subduction zone.

As explained above, paleoseismic data in northern and central Oregon is
consistent with a mipture zone and corresponding trough of coseismic
subsidence onshore. The geodetic data utilized by Hyndman and Wang (1993;
1995) supports an offshore rupture (Figure C11a). This apparent contradiction
stems, in part, from interpretation of the data and possibly from differences in
the data itself. Regarding the difference in interpretation, both geodetic data
and paleoseismic data support decreasing coseismic subsidence (and
interseismic uplift) from the northern to central Oregon coastline. Goldfinger
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exhibiting stick-slip behavior 50-60 km landward of the deformation front on
the subduction zone. Correlation of slip events on these structures with
coseismic subsidence events elsewhere on the margin is considered evidence
that they deform in concert with stick-slip events on the megathrust (Clarke
and Carver, 1992). If one assumes that their stick slip behavior means that
these faults lie over the locked zone, then their down dip extent defines a
minimum lateral extent of the locked zone. Thrust faults 150-180 km
landward of the trench are inferred to penetrate down to the locked zone of the
1964 Alaska earthquake (Figure 4, p. 910 of Platker, 1972). If the northern
California faults dip 30° and penetrate all the way to the megathrust, the
maximum landward extent would be 80-100 km east of the deformation front.
By this reasoning the toe of the locked zone should lie landward of the
deformation front somewhere between the surface trace of the landward-most
thrust fault {60 km) and its possible toe in the megathrust (100 km). The
geologic evidence is thus consistent with a locked zone extending at least 60-
100 km landward of the deformation front in northern California.

Mapped Quatemary thrust faults and folds similar to those in northern
California occur onshore in the Coos Bay area but are absent further north,
where the coastline is more than 90 km from the deformation front (McInelly
and Kelsey, 1990; Goldfinger and others, 1992b). Madin and others (1995) and
Madin and Hemphill-Haley (1996) found that the one of the largest and most
topographically distinct Quaternary thrust faults in the Coos Bay area (about
85 km from the deformation front) is mnch less active than the faults mapped
by Clarke and Carver (1992} 50-60 km from the deformation front in northern
California. If this fault is representative, then the structures at Coos Bay may
be at the distal end of active compressional deformation from megathrust
events. Alternatively, there may be highly active but unrecognized
compressional structures present on land at Coos Bay and areas to the north,
owing to lack of detailed mapping and trenching. Indeed, Goldfinger and
others (1996) show some youthful compressional structures quite close to
shore In these areas.

Combining the observations from northern California and south central
Oregon, the width of the locked zone and perhaps some portion of the landward
transition zone is probably on the order of 60-90 km. This conclusion is
consistent with the 70 + 70 km (locked + landward transition zone) model of
Priest (1995) inferred from paleoseismic data in northern and central Oregon.

Locked and Landward Transition Zones: Conclusions: The widths of these two
zones, as inferred from geodetic and paleoseismic data, are in rough agreement
from southerm Washington north. Hence, the widths predicted by fitting
dislocation models to geodetic data (Hyndman and Wang [1995], as refined by
Fleuck and others [1997]) will be used for dislocation modeling in this region.
The widths do not match south of the Columbia River, where, as explained
above, geodetic data and, to a lesser extent, thermal data support narrow (35-
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40 km} locked and landward transition zones, while paleoseismic data favors
wider (70 km) locked and landward transition zones. Both cases will be
explored in this study.

There may be abrupt narrowing of the locked zone In the vicinity of Cape
Blanco, owing to contrasting age of subducted oceanic plate across the Blanco
Fracture Zone. Geophysical modeling of this phenomenon is beyond the scope
of the study.

Seaward Transition Zone: There is no paleoseismic or geodetic data in offshore
areas to constrain the width or coseismic response of the seaward transition
zone (STZ), so other, less direct types of data must be used. Hyndman and
Wang (1993; 1995} assumed that for all practical purposes the STZ would be
negligible, on the order of 5 km wide, based on the high temperature of the
subducting oceanic plate. The high temperature should rapidly lithify
sediments of the accretionary prism, possibly leading to stick-slip behavior.
However, according to observations of Hyndman and others {(1993) for the
accretionary prism near Vancouver Island, “prism sediments are inferred to be
substantially underconsolidated and pore pressures to be high for at least the
seaward 30 km of the accretionary prism.” Likewise Clarke and Carver (1992)
noted that crustal seismicity indicative of coupling at the Gorda-North
American plate interface begins about 15-25 km east of the defornation front
in northern California. Goldfinger (1994, p. 153) infers from the structural
deformation of the accretionary wedge and analogous Nankai subduction zone,
that the “wedge itself is too weak to deform elastically and the plate boundary
strength contrast is too great to nucleate earthquakes.” Hence, a much wider
STZ may be a more reasonable assumption for modeling seismic energy
release, but it is not clear that it is a reasonable assumption for modeling the
coseismic rupture and attendant vertical deformation, the critical forcing for
tsunami generation. The coseismic rupture may penetrate into a zone with
little or no stick-slip behavior, as the locked zone “pushes from behind” at the
STZ during the earthquake; hence a narrow STZ, as assumed by Hyndman and
Wang (1993; 1995) must be modeled, regardless of other considerations to
explore this possibility. Nevertheless, the other extreme, very little penetration
of the coseismic rupture into the STZ must be explored as well to capture
potential variations in vertical deformation; hence the width of the STZ is a
critical issue.

The down dip (landward) end of the STZ can potentially be inferred from the
strike of compressional structures (folds and thrust faults) in the North
American Plate [Clarke and Carver, 1992; Goldfinger and others, 1992a;
Goldfinger, 1994). Over the locked zone, these structures should strike
northwest, approximately perpendicular to the northeast direction of plate
convergence. In a seaward zone of stable sliding these structures should strike
approximately parallel to the subduction zone {(north -south in Oregon and
northermmost California; northwest in Washington and British Columbia). In
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the latter case, the weak accretionary prism sediments on the continental slope
are essentially compressed against a resistant backstop whose trend roughly
parallels the strike of the subduction zone. This technique can define the
landward extent of the STZ, where the sirike of the subduction zone is not
perpendicular to the convergence direction (i.e. oblique convergence), as in
Oregon and northerm California.

Clarke and Carver (1992} mapped the landward limlt of the STZ in northermn
California, where strike of compressional structures changes from north-south
to northwest about 15-25 km landward of the deformation front. They note
that this is about where crustal seismic activity (seismic front) picks up as well,
and related this to a change from stable sliding to stick-slip behavior on the
Gorda-North American plate interface (see also empirical and theoretical
arguments of Byrme and others, 1988).

There is little crustal seismicity in offshore Oregon, Washington, and British
Columbia (see Figure 4 of Heaton and Kanamori, 1984), so no seismic front can
be mapped. In Oregon and Washington Goldfinger (1994) and Goldfinger and
others (1992a: 1996b) map the updip position of the seismogenic plate
interface in the accretionary wedge, where the trend of compressional
structures changes from north-south to northwest and where Pleistocene-
Holocene sedimentary rock and sediment is juxtaposed with Pliocene and older
rock. The younger rock and sediment has two or more of the following
features: low wedge taper, landward vergent thrusts, margin-parallel folds,
and widely spaced folds (Goldfinger and others, 1996b). In northerm Oregon
and Washington, this houndary occurs near 1000 m depth, where separate
terraces on the continental slope are separated by a major seaward vergent
thrust fault (Goldfinger and others, 1992b). Similar terraces appear to
continue into northerm Washington and British Columbia (see bathymetric map
by Paciflc Geoscience Centre, Earth Physics Branch, 1978) but are absent from
the slope in southern Oregon and northern California (Goldfinger and others,
1992b).

Since nearly orthogonal convergence makes the trend of structures in the STZ
and locked zone parallel in Washington and British Columbia, the width of the
STZ must be inferred chiefly by analogy to areas of oblique convergence to the
south. In general the landward boundary is inferred to lie at about 1,000 m
depth in the same geomorphic setting as in northern and central Oregon. In all
cases this landward boundary is assumed to be landward of landward vergent
structures. North of 44° 45’ N in central Oregon, landward vergent anticlines
and thrust faults become common in the lowermost continental slope (MacKay
and others, 1992). The same structures form the lower slope in Washington
(Barnard, 1978). Landward vergent thrusts and folds are probably caused by a
combination of low basal shear stress (Seely, 1977) and other, as yet poorly
understood factors (MacKay and others, 1992). These structures are assumed
to lie in the STZ.
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The potential width of the STZ resulting from this mapping technique is
displayed in Figure C13. The zone is on the order of 20-30 km wide in British
Columbia, southern Oregon, and northern California, becoming 50-60 km wide
in northern Oregon and Washington. Note how narrow the locked zone could
be, if the STZ reaches this maximum potential width (Figure C13}.

Slip Distribution in Transition Zones

Seaward Transition Zone: The STZ wlll ride passively on the underthrusting
oceanic plate, until the earthquake; then coseismic ruptures will propagate into
it as the locked plate “pushes from behind,” but it is not known to what extent.
The STZ may absorb motion by moving as a unit throughout most of its width
or by partitioning the movement into numerous secondary faults and folds.
Interseismic ruptures may be propagating into the zone, if the coupling ratio is
less than 1.0, since slip will be occurring in the locked zone. The models used
here can only simnulate simple (full) locking on buried faults, which is a poor
approximation of this complex behavior. Figures Cl14 and C15 illustrate the
possibilities. Nearly full slip throughout the STZ (Scenarlo A), linearly
decreasing slip across the entire STZ (Scenarlo B), and nearly zero slip in the
STZ (Scenario C) will be simulated to explore the effect on tsunami generation.

Landward Transition Zone: At some distance landward of the locked zone the
interface will be so hot that the interseismic slip rate will approach the plate
convergence rate. During the earthquake, slip will extend through the locked
zone into the transition zone some unknown distance. After the main shock,
the remainder of the slip deficit will be made up by post-seismic creep in the
transition zone [see summary by Savage and others, 1991).

Savage and others (1991) calculated vertical deformation for both a linear and
non-linear variation of slip deficit in the landward transition zone. They found
that the pattern of vertical deformation did not vary significantly; thus,
following the procedure of Hyndman and Wang (1993; 1995) only a linear
decrease in slip is assumed in the scenarios considered here (Figure C14).

Rupture Scenarios

The range of possibilities for various rupture widths and slip distributions are
summarized in Table 1. The rest of the variables, as discussed in the text, are:

1. Rupture length of 1,050 km, (recurrence of 450 years)
2. Rupture length of 450 km (recurrence 225 years or coupling ratio of 0.5 for
a recurrence of 450 years) rupturing:
a. 44.8° N to southern Vancouver Island, or
b. 44.8° N to Eureka, California
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3. Coseismic slip
a. With the strike-parallel component, or
b. Without the strike-parallel component.
4. Models with or without the “spike” of uplift in the STZ.

Table 1. Maximum hazard scenarios, assuming a 1,050 km rupture length,
but varying widths. Rupture scenarlos are based on two lateral positions of the
LZ and the three STZ coseismic slip distributions illustrated in Figure C14. All
assume strain accumulation at 100 percent of the convergence rate over 450
years and a linear change in coseismic slip in the LTZ. The LZ and LTZ of
Scenario 1 is narrower than Scenario 2 in Oregon and northern California. See
Figure C13 for location of LZ and maximum STZ.

STZ LZ + LTZ LZ + LTZ
(Slip Distribution} SCENARIO 1 SCENARIO 2
(Central Oregon LZ = (Central Oregon LZ =

LTZ = 35 km based on | LTZ =70 km based on
Fleuck and others (in | best fit to paleoseismic
press) model)® data)

SCENARIO A Model 1A Model 2A
{2-5 km width; linear
change in slip deficit)

SCENARIO B Model 1B Model 2B
{15-60 km width;
linear change in slip
deficit)

SCENARIO C Model 1C Model 2C
(15-60 km width; O
slip deficit over all but
the landward 2-5 km)

Combining these variables with those of Table 1, gives a total of 72 scenarios.
There are many more possibilities, including smaller slip based on smaller
coupling ratios, shorter segment breaks, and local effects from landslides,
asperities, and faulting, but these will not be explored.

The purpose of this study is to put limits on the tsunami hazard by examining
reasonable rupture scenarios. This purpose may be served without running all
possibilities. Only a few of the these 72 dislocation models will adequately
iliustrate most of the hazard from regional coseismic plate deformation. As
previously mentioned, exploring the effect of the “spike” of anomalous uplift in
the STZ is beyond the scope of this study, but it is likely to be small {about 3
percent amplification of tsunami run-up) for the narrow STZ case, Scenario A

*all models ufilize the 350° C and 450° C isotherms of Fleuck (1996) which are very similar to
those of Hyndman and Wang (1995).
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(Priest, 1995). Subtracting the strike-parallel component of slip from areas of
oblique convergence only lowers the vertical deformation in Oregon and
northermn California by about 13 percent (<0.5 m of vertical deformation at fault
dips of 8-12°), so this is not a major effect and will be ignored in this study.
This eliminates factors 3 and 4 above.

Assuming a 450 km segment reduces the total slip by about half (225 year
recurrence or coupling ratio of 0.5 for a 450 year recurrence) relative to a 1,050
km rupture. Combining this decrease in slip with scenarios of Table 1 that are
likely to generate the largest and smallest tsunami run-up will explore most of
the variation for moderate hazard scenarios.

As explained below, largest and smallest tsunamis are likely to be generated by
Scenarios 1A {narrow LZ and STZ's) and 2C (wide LZ and STZ's), respectively
{Table 1). Combining the north and south segment breaks for Scenarios 1A
and 2C yields an additional four scenarios (Table 2). Table 3 summarizes the
main features potential earthquake magnitudes of all of the scenarios.

Table 2. Moderate hazard scenarios, assuming segmented ruptures. Scenarios
are created by using a 225 year reciurrence (or coupling ratio of 0.5 for 450
years recurrence} and the slip distribution and vectors of Scenarios 1A and 2C
(Table 1). Ruptures extend 450 km north and south of 44.8° N lat.

Slip Distribution (Table North Segment South Segment
1)
Model 1A (narrow STZ; 1An 1As
narrow LZ)}
Maodel 2C (wide STZ; 2Cn 2Cs
wide LZ)

Table 3. Earthquake magnitude parameters for each scenario. Calculations of
moment magnitude assume rigidity = 4 x 10" dyne/cm®.

Scenario | Rupture | Locked | Locked Width | Weighted Slip {(M,)
Length | Width in Partially Mean (m)
(lkkm) (krn) Locked zones Locked
(km) Width (km)

1A 1,050 | 35-105 20-58 78 15-20 | 9.1
1B 1,050 14-43 33-88 64 15-20 | 9.0
1C 1,050 14-43 20-58 51 15-20 | 9.0
2A 1,050 | 60-105 38-58 107 15-20 | 9.2
2B 1,050 29-50 48-88 92 15-20 | 9.2
2C 1,050 29-50 38-58 79 15-20 | 9.1
1An 450 45-105 53-58 103 7-10 | 8.7
1As 450 39-45 22-25 60 7 8.5
2Cn 450 29-43 38-58 80 7-10 | 8.7
2Cs 450 43-50 38 77 7 8.6
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The paleoseismic data appears to indicate that past Cascadia ruptures may
have been somewhat wider and of differing slip distribution from Scenario 2.
The wavelength of the Scenario 2 deformation appears to be somewhat broader
than the paleoseismic signal (Figure C30} and the trough of subsidence may
not be far enough east between the Columbia and Umpqua Rivers (Figures
C30-C36). Future modeling could refine the fit in this area utilizing slightly
wider locked and landward transition zones. The fit of the paleoseismic data at
Coos Bay (Figure C37) is better for Scenario 2 than 1, but the scatter is such
that the fit is not definitive. At the Coquille River, the closest profile to the
deformation front, the locked zone for Scenario 2 should be somewhat
narrower to achieve a better fit to the paleoseismic data.

There is insufficient paleoseismic data south of the Coquille River to make
meaningful comparisons (Peterson and others, 1997). As explained above,
Holocene faults and folds occur on the coast from Coos Bay south so the signal
from reglonal plate flexure in the paleoseismic data may be contaminated by
movernent on local structures in this area (e.g. Clarke and Carver, 1992; Madin
and others, 1995). Although less common, local fanlts occur in some areas
further north as well {e.g. Goldfinger and others, 1992b) and may locally
contaminate the regional signal.

PROBABLE TSUNAMI RUN-UP FROM THE 1,050 KM RUPTURE

As illustrated by the tsunami simulations of Priest (1995) and theoretical work
of Tadepalll and Synolakis (1994), an offshore trough of coseismic subsidence
leads to higher run-up than an onshore trough. Scenario 1 should thus
generate higher nin-up than Scenaric 2 in Oregon and northernmost
California, other factors being equal. Likewise, as the uplift in the STZ
decreases from Scenarios A to C (Figure C26); tsunami run-up should decrease
as well for most parts of the subduction zone. This observation applies, even
though the “spike” of anomalous uplift in Scenario C is somewhat higher than
that of the other cases (Figure C26). The short wave length wave created by
this “spike” will effectively split into seaward and landward-directed
components, reducing its effect, provided the location is far enough offshore for
the splitting to occur. Combining these observations, the largest overall run-
up should occur for Scenario 14; the least should be Scenario 2C.

LOCAL EFFECTS ON RUN-UP FROM SCENARIO C

The “spike” of uplift generated by the elastic deformation model for Model C
(Figure C27) is only about 40-50 km from shore in the vicinity of Cape Blanco
(Figures C18 and C25). Geist and Yoshioka (1996) found that narrow spikes of
uplift like these can significanty amplify tsunami run-up when sufficiently
close to shore. They explored this phenomenon to illustrate the effects of a
near shore fault (their Fault E case). Scenario C may therefore illustrate how
such a fanlt would affect the southern coast, where the shoreline les relatively
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close to local faults within the deformation front. Given the 8-12° dip of the
megathrust, maximum uplift should be on the order of 1.5 m for the 450 km
ruptures with 7-10 m slip and 3.0 m for 1,050 km ruptures with 15-20 m slip.
The “spikes” of uplift for the corresponding ruptures in Scenario C are on the
order of 3 and 6 m, respectively (Figures C18, C21-C23, and C27). This extra
1.5 and 3 m of “spike” uplift is similar to what would be generated by a local
seaward vergent fault with 100 percent of this slip and a dip of 20°, or less slip
and higher dip. The “spike” would lie above such a fault, where the fault cuts
the sea floor. The “spike” thus emulates partitioning of the megathrust slip to
a local fault near the shelf-slope break.

PROBABLE TSUNAMI RUN-UP FROM THE 450 KM RUPTURES

In near-source areas the initially arriving tsunami wave is mostly controlled by
the shape of coseismic deformation (Tadepalll and Synolakis, 1994), so the
initial wave for all of the moderate-hazard (450 km) scenarios will resemble the
equivalent waves from the 1,050 km ruptures. However the decreased slip in
these scenarios will cause a nearly proportional decrease in run-up at the coast
(Geist and Yoshioka, 1996).

The other major differences from the 1,050 kin scenarios are the oblique wave
fronts generated at the ends of the north and south segments (Figures C18-
C21; Geist and Yoshioka, 1996) and the smaller extent of the coast affected by
the largest tsunamis. These features will produce time histories quite different
from the 1,050 km scenarios, as oblique wave fronts refract and reflect up and
down the coast.

POTENTIAL ERRORS

Types of Bottom Deformation Not Simulated: The ten fault dislocation
scenarios do a reasonable of job exploring large scale variation in regional

flexure of the North American plate, but all suffer from over stmplification. In
particular, none of them consider partitioning of the slip into individual faults
and folds of the accretionary wedge, and none consider the important role of
asperities. Asperities can cause some parts of the fault plane to accumulate
and release far more slip deficit than others.

The 1964 Alaskan earthquake illustrates the importance of asperities and
secondary faults. The earthquake produced surface deformation is consistent
with 20-30 m of slip in a few central areas of the locked zone, decreasing to 1-6
m in adjacent areas along strike (Holdahl and Sauber, 1994). Significant slip
was partitioned into a local thrust fault, causing dip slip of up to 8 m over a
length as much as 142 km (Plafker, 1972). Since this fault dips 52°-85°, much
of the slip was expressed as vertical displacement. Coastal areas landward of
local structures and asperities like these could possibly receive much larger
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tsunarnis than other areas. Goldfinger (1994) postulates that such asperities
may be at Nehalem Bank (off shore of the Cohimbia River}, Heceta Bank
(offshore of Newport-Waldport-Florence), and Coquille Bank (offshore of
Bandon). However, in a test of slip partitioning to a large secondary fault in
northern California margin, Satake {(1994) found that the local fault had little
effect on the overall pattern of tsunami wave forms for a Cascadia event sirnilar
to Model 2Cs.

Submarine landslides and turbidity currents associated with a great
earthquake can also generate tsunamis. Landslides on the order of tens of
kilometers wide have been mapped on the continental slope (e.g. Goldfinger
and others, 1992b). None of the scenarios address this type of bottom
deformation.

If the above factors occur together, then the dislocation model could seriously
underestimate the hazard. For example, a major asperity should generate
greatly amplified shaking, which could enhance the chance of a major
submarine landslide. Heceta Bank offshore of Florence, a possible location of
an asperity (Goldfinger, 1994), is also the locality of one of one of the largest
mapped landslides on the continental slope (see the map of Goldfinger and
others, 1992b). Likewise, some of the steepest parts of the continental slope
occur in northern California seaward of major thrust faults shown by Clarke
and Carver (1992) to partition significant amounts of slip.

"Spikes” of Uplift: All of the models produce sharp “spikes” of uplift at the
seaward tip of ruptures. These “spikes” are artifacts of the assumption of
perfect elastic behavior on buried ruptures, so they may be viewed in large part
as model errors, since the actual ruptures will not likely terminate abruptly
and deform the accretionary wedge elastically. The effect is to amplify ground
deformation and tsunamis, the tsunami amplification increasing as the
“spikes” get higher and closer to shore (e.g. Priest, 1995; Geist and Yoshioka,
1996). Priest (1995} determined that the amplification of run-up from these
“spikes” located near the deformation front is on the order of 3 percent. Models
1C, 2C, 2Cn and 2Cs produce the largest of these “spikes” at the nearest shore
positions. Amplification of tsunarmi run-up will presumably be more than 3
percent for these models, particularly where they are near-shore in southerm
Oregon.

Narrowing of the Locked Zone south of Cape Blanco: If the youthful age of the
subducted oceanic plate south of the Blanco Fracture Zone causes a narrowing
of the locked zone, then the trough of maximum coseismic subsidence could be
offshore In this area. All other things being equal, this offshore trough would
produce a leading depression wave which would increase run-up above the
values for Scenario 2 (Tadepalli and Synolakis, 1994). This situation may be
approximately simulated by Scenario 1 for this area, but the effect of abrupt
changes in the locked zone width is not simulated by either Scenario 1 or 2.
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Bernard and others (1995) study discussed above approximates the wide
locked zone of Scenario 2, so this may be the reason that their model produced
anomalously low run-up for their model slip.

The minimum slp of 10.5 m inferred in the Slletz Bay study (Priest, 1995)
approximates the segmentation cases used here (7-10 m slip; Table 3). The
segmentation cases thus emulate a coupling ratio on the order of 0.5 for 1,050
km ruptures (15-20 m total plate convergence slip).

Shorter Segment Ruptures: Arguments have been made by others (e.g.
McCaffrey and Goldfinger, 1995; Geomatrix, 1995) for shorter segment
ruptures than explored here. Such ruptures would produce much smaller slip
and tsunamis. While quite possible from a theoretical point of view, as shown
by the studies of Bernard and others (1995), these ruptures would probably
produce tsunamis so similar in amplitude to maximum teletsunamis that they
would not be useful for hazard planning. Tsunamis of this size are better
addressed through modeling teletsunamis that strike far more frequently than
Cascadia events..

Other Uncertainties: The amount of vertical deformation, the principal issue
for tsunami generation, is most affected by the above factors and the assumed
width of the rupture. The range of possibilities for width are well covered by
the 10 models. Uncertainties in dip on the megathrust can be no more than a
few degrees and, at the low dips of this subduction zone, the effect on vertical
deformation is minimal.

Summary of Error Analysis: The most important sources of error for tsunami
generation are the amount of slip and width of the rupture. Uncertainty in the
coupling ratio is the most important error in estimation of slip. A variation
from an effective ratio of 1.0 to 0.5 is covered by the scenarios. South of the
Columbia River the scenarios simulate locked and landward transition zone
widths of 35 to 70 km, covering most of the uncertainty in this key source of
error. The scenarios cover all possibilities for slip in the STZ from near zero
slip to slip throughout most of the 15-60 km width.

Landslides, secondary faulting, and possible narrowing of the locked zone near
Cape Blanco were not simulated but may amplify sea floor deformation in local
areas. All of the models produce sharp “spikes” of uplift at the seaward tip of
ruptures. “Spikes” located near the deformation front probably amplify
tsunami run-up only about 3 percent. Scenarlos 1C, 2C, 2Cn and 2Cs
produce the largest of these “spikes” at the nearest shore positions where
amplification of run-up will probably exceed 3 percent.

CONCLUSIONS

Based on an analysis of paleoseismic data coupled with empirical studies of
great subduction zone earthquakes, the most likely fault ruptures on the
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Cascadia subduction zone probably encompass 45 percent or more of the Juan
de Fuca-Gorda Plate interface with the North American plate. If some ruptures
are segmented, a likely segment boundary lies between Siletz and Yaquina
Bays near 44.8° N. Fault dislocation scenarios explored three ruptures
lengths: one extending 1,050 km from British Columbia to northern California,
one extending 450 km north of 44.8° N to Vancouver Island, and one
extending 450 km south of 44.8° N to Eureka, California. Given a constant
ratio of length to slip, the segment ruptures have about half the slip of the
1,050 km rupture, Within the uncertainties of the data, width of the locked
zone south of the Columbia River can be as little as 35-40 km, according to
interpretations of geophysical data, or as much as 70-80 km; according to
interpretations of paleoseismic data, so two locked zone widths were also
simulated.

Coseismic slip was assumed to decrease down dip from the locked zone in an
approximately linear fashion, controlled by a similar inear increase in
temperature. This landward transition zone was simulated by a zone of
decreasing slip about the same width as the maximum potential width of the
locked zone.

Sediment accreted to the outer 15-60 km of the upper plate may rupture with
the upper plate nearly to the deformation front, or coseismic slip may near zero
in the seaward transition zone. Dislocation scenarios explored both extremes
and an intermediate case where slip varies inearly across this zone. None of
the resulting dislocation scenarlos differed significantly with respect to onshore
deformation, so onshore geodetic and paleoseismic data offer no constraints on
coseismic slip in the seaward transition zone.

A total of 10 dislocation scenarios describe most of the variation relevant to
tsunami generation. The models show complex deformation patterns where the
subduction zone changes trend from north-south to northwest. Some of these
patterns were not apparent in earller dislocation models, because this complex
geometry could not be simulated by 1-D transects or 2-D rectangular models.

Errors in estimated slip scale almost linearly to errors in tsunami run-up in
near-source areas. The ratio of seismic to total slip (coupling ratio) is the most
important source of error in the slip estimates. Ratios of 0.2-1.0 are possible.
Use here of a coupling ratio of 1.0 probably overestimates the hazard
somewhat, particularly in the central and southern part of the margin. The
segmentation scenarios with about 7-10 m of sip may be viewed as simulating
a coupling ratio of 0.5 over the average recurrence of 450 years {15-20 m of
plate convergence),

The 7-10 m of slip derived from the segmentation scenarios approximates the

minimum needed to produce run-up estimated from Cascadia paleotsunami
data at Siletz. Smaller slips, although theoretically possible, would produce
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rn-up approximating teletsunarnis, adding little to the Cascadia hazard
analysis.

Anomalous “spikes” of coseismic uplift occur at the up dip end of all modeled
ruptures, because of the assumption of perfect elastic behavior on buried
faults. These “spikes” will create short wavelength tsunamis that will amplify
run-up more as “spikes” get higher and closer to shore. Amplification is only
about 3 percent for “spikes” located near the deformation front. Models
assuming little coseismic slip in a wide seaward transition zone produce
“spikes” well landward of the deformation front and will probably produce
larger amplification of tsunami run-up. The “spikes” may simulate the effect of
narrow zones of uplift on secondary faults ramping upward from the
megathrust at dips of 20° or more, Future studies should systematically
explore the effect of these “spikes” on tsunami run-up.

Complications fromn asperities on the plate interface, secondary faults,
landslides, and changes in rupture width across the subducted Blanco
Fracture Zone are beyond the scope of this study, but could amplify scenario
tsunamis in local areas. Future studies should evaluate these factors. The
investigation of asperities summarized in Appendix B is a good beginning and
demnonstrates the importance of these factors.

The chosen scenarios thus cover a logical range of possible hazard from
regional plate flexure on the Cascadia subduction zone, but do not take into
account all factors that could amplify tsunamis. Once numerical simulations
of tsunamis have been performed, the derived run-up should be evaluated in
the light of available estimates of paleotsunami min-up in such areas as Siletz
Bay (Priest and others, 1995; Peterson and others, 1995), Bradley Lake (Nelson
and others, 1996), and Willapa Bay (Satake and others, 1994).
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Figures C22-C25, Vertical deformation for segmented fault ruptures on the Cascadia subduction
zone (Table 2). The dark band of deformation on the right is subsidence; that on the left is uplift.
The white band down the center is near zero deformation at the locus of the zero isobase. Note
that the vertical deformation is about haif that of the Scenario 1 and 2 ruptures (Figures C16-
C21).

Figure C26. Cross section of vertical surface deformation from models with the STZ’s of Figure
C14 but all other parameters held constant. Note how the onshore deformation offers no
constraints on vertical deformation in the STZ. Cross section trends east-west at the latitude of
the Columbia River.

Figure C27. Cross section at the Columbia River of vertical surface deformation from models
with constant STZ but variable width of the LZ and variable slip. Model 1C and 2Cn have the
same STZ, LZ, and LTZ but Model 2Cn has about half the slip, leading to about half as much
deformation. Model 1C has a narrower LZ and LTZ than Model 2C, leading to a seaward
displacement of the subsidence trough. Note the better match of Model 2C to paleoseismic data
for the 1700 AD event.

Figure C28. Cross section of vertical surface deformation showing the similarity of Models 1A
and 2A at the latitude of Grays Harbor. Note the better fit of these models to the paleoseismic
data relative to the segmentation model, Model 2Cn.

Figure C29. Cross section of vertical surface deformation showing the similarity of Models 1A
and 2A at the latitude of Willapa Bay. Note the better fit of these models to the paleoseismic data
relative to the segmentation model, Model 2Cn.

Figures C30-C38. Cross sections of vertical surface deformation showing the lateral offset of
Scenarios 1 and 2, illustrated by Models 1A and 2A, at the latitude of estuaries with significant
paleoseismic data. Note the better fit of Model 2A to the paleoseismic data, especially the pattern
of increasing subsidence inland noted in Figure C12. Note also that Model 2A would fit the data
somewhat better from the Columbia River to the Umpqua River, if the trough of subsidence were
shifted eastward by about 13 km, so model subduction zone ruptures could be wider than 140 km
in these areas.
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Figure Cl. Plate tectonic map of the Cascadia subduction zone faulf system illustrating the
location of the surface trace of the fault at the deformation front. The subduction zone is

bounded by the Noothka and Mendocino fransform faults and dips 8-12° toward the east. Figure
taken from Fleuck (1996).
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ZONES OF SLIP ON A SUBDUCTION ZONE
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Lithification Seaward Transition Zone ( }
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Figure C2. Schematic illustration of the zones of slip in a subduction zone. As water-saturated
sediments at the deformation become progressively lithified, the fault behaves with more and
more stick-slip behavior until it is fully locked at the base of the seaward ransition zone (STZ).

In the landward transition zone (LTZ), the fault movement changes from stick slip to stable
sliding behavior as the temperature rises.
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Figure C3. Sensitivity of surface deformation to burial of a rupture 1000 km long and 50 kmm
wide with 10 m of pure dip slip thrust motion, Horizontal (U) and vertical deformation are
illustrated. Note how deformation decreases with burial. The anomalous “spike” of uplift at the
up dip end disappears, when the ruptire reaches the surface (Figure taken from Fleuck, 1996;
see text for explanation).
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Figure C4. Sensitivity of surface deformation to rupture width on a fault 1000 km long with a
slip of 10 m and dip of 12 degrees. Numbers are widths in kilometers. Note how the trough of
subsidence migrates landward with increasing width but maintains the same depth.
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Figure C5. Sensitivity of surface deformation to addition of a landward (down dip} transition
zone. The fault is 1000 km long with dip of 12 degrees and 10 m of pure dip slip thrust motion.
The locked and transition zones are 50 km wide. Slip decreases linearly from 10 m to zero in the
transition zone. Coseismic deformation from fully locked buried ruptures with widths of 50, 75,
and 100 kn are shown for comparison. Note how the same total slip in the 50 + 30 rupture
produces about half as much subsidence as the fully locked 73 Jon rupture.
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Figure C7. Typical verfical separation of ecological zones in coastal wetlands. Coseismic
subsidence of various magnitudes will cause juxtaposition of these zones in vertical cores as
shown, depending on what lateral position is sampled in the wetland. For example, a core taken
in an area that is generally at a deep tidal charmel will show only tidal channel sediments, unless
coseismic uplift of unusual amount were to occur. On the other hand, a core taken in a lateral
position generally occupied by the high marsh zone will record coseismic subsidence as buried
peat layers in sharp contact with overlying intertidal mud or mud with colonizing marsh plants,
depending on the degree of subsidence. Continuous sea level rise without coseismic subsidence
would be recorded as continuous peat layers in this same high marsh seiting.
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Burial Sequences Amount of estimated subsidence
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Figure C8. Diagram of fossil-lithologic categories of paleotidal level and corresponding
amounts of paleosubsidence (0+0.5, 1+0.5, and 2+0.5 m) based on category transitions.
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SCHEMATIC OF ASSUMED FAULT GEOMETRY
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Figure C10. Schematic illustration of the way that the numerical model propagates the
megathrust to the surface through the surficial sediments covering the oceanic plate af the
deformation front.
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Figure Clla. Hlustration of the uncertainty in the location of the isotherms governing width of
the locked and landward transition zones. The two lines shown are the best fit by Hyndman and
Wang (1995) to available thermal and geodetic data. Figure is from Hyndman and Wang (1995).

Figure C11b. Locked and landward transition zones of Fleuck and others (1996). This model is a
best fit to available geophysical data and is very similar to the model in Figure Clla.
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Figure C12. Pattern of paleosubsidence in south central Oregon from Briggs (1994). The open
circles indicate areas with continuous peat development indicative of near zero paleosubsidence.
Dots indicate core sites with abrupt vertical changes in peat development characteristic of

episodic paleosubsidence. The pattern of increasing subsidence inland is opposite that predicted
by the narrow ruptures illustrated in Figures Clla and C115.
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Figure C13. Maximum potential width of the seaward transition zone (STZ) and possible
locations of the down dip end of the locked zone (LZ). Line 1 is the same as in Figure C11b. Line
2 is a possible location which maiches patterns of coseismic subsidence inferred from
paleoseismic data. Note how line 2 maintains a nearly constant distance from the deformation
front (west side of the STZ),
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Figure C14. Schematic illustration of the coseismic slip distributions for STZ scenarios
considered here. Scenario A assumes a maximum penetration of the coseismic rupture into the

STZ, Scenario B a linear transition of slip across the STZ, and Scenario C little penetration of
the rupture into the STZ.
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Figure C15. Schematic illustration of interseismic and coseismic deformation for various scenarios considered
here. Note that the fault dislocation model for Scenario A will have an extremely narrow “spike” of uplift at the
up dip tip of the fault, owing to elastic response of the model and the model assumption of a rupture terminating
a few kilometers landward of the deformation front (Figure C14).
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Fig. Ci6

Fig. C17

Fig. CI8

Figures C16-C18. Figures illustrate the vertical surface deformation from fault rupture Scenario I with three different slip
distributions in the STZ (Figure C14; Table 1). The dark band of deformation on the right is subsidence; that on the left is uplift. The
white band down the center is near zero deformation at the locus of the zero isobase. Note that the zero isobase is well offshore south

of the Columbia River; compare to Figure CI2.
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Fig. C19

Figures C19-C21. Figures illustrate the vertical surface deformation from fault rupture Scenario 2 with three different slip
distributions in the STZ (Figure C14; Table 1). The dark band of deformation on the right is subsidence; that on the left is uplift. The
white band down the center is near zero deformation at the locus of the zero isobase. Note that the zero isobase is close to shore south
of the Columbia River and onshore south of Fiorence; compare to Figure C12.
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Fig. €24 Fig. C25

Figures C22-C25. Vertical deformation for segmented fault ruptures on the Cascadia subduction zone (Table 2), The dark
band of deformation on the right is subsidence; that on the left is uplift. The white band down the center is near zero
deformation at the locus of the zero isobase. Note that the vertical deformation is about half that of the Scenario { and 2

rupfures (Figures C16-C21).
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