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EXPLANATION OF MAPPING METHODS AND USE OF THE TSUNAMI
HAZARD MAPS OF THE OREGON COAST

INTRODUCTION

Thisreport explains, in abbreviated form, the methods used and results of a tsunami hazard mapping project focused
on the Oregon coast. Maps at a scale of 1:24,000 (1 inch = 2,000 ft) depict the expected inundation for tsunamis
produced by a M,, 8.8-8.9 undersea earthquake. The maps were produced to help implement Senate Bill 379 (SB
379), which was passed by the 1995 regular session of the Oregon Legidature. SB 379, implemented as Oregon
Revised Statutes (ORS) 455.446 and 455.447, limits congtruction of new essentia facilities and special occupancy
structures in tsunami flooding zones. The focus of the maps is therefore on implementation of this public safety bill
and not on land use or emergency planning.

Tsunamis are caused by any large-scale disturbance of the sea floor. In nature these disturbances are generaly
caused by faulting, landdides, or volcanic eruptions. This project addresses only the most common cause, the -
multaneous uplift and subsidence of the sea floor accompanying undersea earthquakes on large fault zones termed
“subduction zones’ (Figure 1). The shape of the deformed sea floor after an earthquake is transmitted to the overly-
ing sea surface, forming theinitial tsunami wave. Waves so generated can arrive at nearby coastlines in minutes,
causing extensive damage and loss of life. These subduction zone earthquakes also typically cause landdides which
can greatly amplify the tsunami run-up should they occur under the sea or dide from land into water (see Figure 2
for explanation of run-up and other technica terms). Thislatter hazard is not directly addressed here but could be an
important consideration when adding factors of safety for evacuation planning.

Scientific findings of the last several years have shown that the Oregon coast is vulnerable to great (M 8-9) earth-
quakes that can occur on the offshore Cascadia subduction zone fault system (Figure 1; see Madin, 1992, Atwater
and others, 1995, and Nelson and others, 1995, for summaries). The estimated chance in the next 50 years of a great
subduction zone earthquake is between 10 and 20 percent, assuming that the recurrence is on the order of 400 + 200
years and that the last one occurred about 300 years ago (calculations on data of Peterson and others, 1991b, and
Darienzo and Peterson, 1995; see Appendix A for discussion of additional evidence of a 400 year recurrence).

Prediction of seafloor deformation from these great subduction zone earthquakes is fraught with uncertainty, so po-
tential tsunami hazard was examined through three possible scenarios for earthquake deformation. Numerical simu-
lations of tsunami run-up (Appendix B) from these three scenarios were checked against estimates of prehistoric tsu-
nami run-up, where such dataare available. The numerically smulated run-up elevations for scenarios with the
highest and lowest tsunami run-up were used to infer inundation on 1:24,000-scal e topographic base maps (see the
library-access Open-File Report O-95-68). DOGAMI map GMS-99 (1:12,000 scale) and Open-File Report O-95-6
(2:4,800 scale map) illugtrate these inundation boundariesin more detail for the Lincoln City-Siletz Bay area. Ap-
pendix Cillugtrates the time histories (sequence and relative height of tsunami waves) at coastal population centers
for these two models. Inundation from the highest run-up, which was aso most consistent with the prehistoric tsu-
nami data, was adopted to implement ORS 455.446 and 455.447 and was illustrated on widely available published
maps (see Figure 3 for index).
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magnitude 8.8 earthquake on the Cascadia subduction zone.
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(Note: this map does not show changes made by the Oregon Department of
Geology and Mineral Industries in 1997)
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MAPPING METHOD

The inundation maps were produced by modeling the deformation from an earthquake, numerically simulating the
resulting tsunamis waves, and mapping the maximum inland flooding limit. The first two steps were done by com-
puter methods. Thethird step was accomplished chiefly by inference using professional judgment and available to-
pographic data.

Modeling the Earthquake Deformation

Introduction Using the fault plane model of Okada (1985), three simulations of the bottom deformation by subduc-
tion zone faulting were constructed and used to generate numerical simulations of the tsunami waves. The input pa
rameters are summarized in Tables 1 and 2. Theresultsaregiven in Table 3.

Table 1. Input parameters for simulations of ground deformation caused by a great subduction zone earthquake on
the Cascadia subduction zone. See Appendix A for details. Dip istheinclination of the fault in degrees. Rakeisthe
trend of the fault dip measured in the plane of the fault as an angle from horizontal. Depth isthe vertical distance
to the toe of the rupture. Slip isthe distance the two fault blocks move relative to one another.

Model | Length | Width [Dip (°)| Rake | Depth | Slip (ft)
(mi.) (mi) ) (mi)

1 404 | 497 [130] 90 | 124 | 285

2 404 | 413 [122] 90 | 93 | 377

3 404 | 712 [122] 90 | 156 | 344

Table 2. Location of the two rectangular fault ruptures utilized for simulation of a single rupture stretching from
Oregon to Washington. Strikeisthe trend of the fault in degrees clockwise from north.

Model |  Segment Strike (°) Lat. (°) SE corner Long. (°) of SE corner
1 N segment 347.46 46.1631N 124.3753W
1 S segment 358.00 41.5000N 124.1200W
2 N segment 347.46 46.1631N 124.4699W
2 S segment 358.00 41.5000N 124.4707W
3 N segment 347.46 46.2245N 123.8187W
3 S segment 0.13 41.5000N 123.8796W
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Table 3. Bottom deformation and earthquake magnitude produced by the ssimulation. Mw refers to the moment
magnitude of the resulting earthquake calculated from the formula of Hanks and Kanamori (1979).

Model [ Mw Max. uplift (ft) M ax. subsid. (ft)
1 8.8 12.2 6.0
2 8.8 16.6 8.2
3 8.9 15.2 7.1

The simulations differ chiefly with respect to the width and location of the locked part of the theoretical fault rup-
ture. The width and location are the most uncertain and, from the standpoint of tsunami and earthquake hazard, the
most important factors. It isthislocked portion of the fault that builds up strain, rupturing catastrophically during a
great earthquake. Thefollowing isabrief summary of each simulation; Figures 4a, 4b, and 4c illustrate the smu-
lated crustal uplift and subsidence of each moddl. Figure 5illustrates the differencesin vertical deformation above
the fault ruptures for each referenced to a generalized cross section of the fault zone from Hyndman and Wang
(1993). See Appendix A for adetailed technical discussion of fault dislocation models and their accuracy.

18 Coastling
e Model 1 (Whitmore)
wtl— Model 2
———— Model 3

Vertical deformation

458" C

Figure 5. Upper diagram plots deformation of the earth’ s surface by earthquakes from rupture of three different
locked widths of the subduction zone. Lower diagram shows a smplified vertical cross section of the Cascadia sub-
duction zone fault with zones of complete (solid line) and partial (dashed line) locking. Degree of locking is primar-
ily dependent on rock temperature. Above 450 °C rock deforms plastically rather than by stick-dlip motion.
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Model : Whitmore (1993) published a prediction of theoretical tsunami height for the Oregon coast that has been
used by local communities for tsunami hazard planning, so his fault model was investigated as areference. He esti-
mated that the locked zone on the Cascadia subduction zone extends to 12.4 miles depth, starting about 12-22 miles
east of the surface trace of the subduction zone. The surface traceis at the foot of the continental slope at about
10,000 foot depth. He also assumed that the inclination of the subduction zone fault is about 13°. The width of his
locked zoneistherefore 49.7 miles.

Model 2: Using the preferred crustal temperature model of Hyndman and Wang (1993, Figure 9b, p. 2051) and fault
dip of 12.1° inferred from seismic data of Trehu and others (1994, Figure 5a, p. 241; see Appendix A), the locked
zone in Oregon extends to 9.3 miles depth, the depth where the fault reaches arock temperature of 350 °C. Hynd-
man and Wang (1993) argue that, at greater depths (higher temperatures), the fault is only partially locked and not
locked at all once therocks becometotally plastic at 450 °C. They also propose that the locked zone starts about 3
miles from the surface trace of the subduction zone. Thisleadsto afairly narrow locked zone only 41.3 miles wide
at the latitude of the seismic data of Trehu and others (1994). Okada s (1985) numerical modeling technique does
not explicitly smulate partia locking of the fault, so only the fully locked portion was modeled (see Appendix A for
technical discussion). Theresulting sea floor deformation produces a narrow zone of uplift and subsidence located
further out to seathan Model 1. The zone of undersea subsidence is therefore much more extensive than in Model 1.

Model 3 Thissimulation uses the same fault inclination as Model 2, but provides afairly good fit to the ground sub-
sidence estimated from prehistoric coseismic subsidence in Oregon estuaries of the northern and centra coast, where
most of the prehistoric database was gathered (Figure 6; unpublished 1995 compilation by Curt D. Peterson, 1995;
zero deformation line taken from Peterson and Briggs, 1992 and from Briggs, 1994). In this case the locked zone
must extend to 15.6 miles depth in order to bring the main trough of subsidence on land whereit isobserved. The
simulation, asin Model 2, starts the locked zone about 3 miles from the deformation front, so the rupture must be
71.2 mileswide, nearly twice aswide as Model 2. Thissimulation of the earthquake rupture produces mostly uplift
off the coast and much |ess undersea subsidence than either Moddl 1 or 2.

Match of Models to Buried Wetland Scil Data
180 —mm—m——r - r——————r T

160 1 e Model 1 (Whitmore, 1993) .
140 + ——— Model 2 (Okada model of thermal data) 1
120 OModel 3 {Okada model of wetland soil data} .

% ® Buried Wetland Soil Data -

8.0 N ]
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Figure 6. Correlation of vertical coseismic deformation estimated from model s versus buried wetland soil data.
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Discussion The fault ruptures assumed for Model 2 and Modd 3 use the most accurate available dip for the subduc-
tion zonein Oregon (Trehu and others, 1994) and the most recent available geological and geophysical data. The
Model 2 locked zone is based on an interpretation of crustal heat flow data (Hyndman and Wang, 1993), whereas
Model 3 fits estimates of prehistoric subsidence (Peterson and Briggs, 1992; Briggs, 1994; unpublished 1995 compi-
lation of Curt D. Peterson). Both models are presented, because numerous trial swith the numerical fault modeling
technique of Okada (1985) revealed that the thermal and the subsidence data could not easly be reconciled with this
technique. Thethermal data demands that the fully locked part of the fault zone be narrow and be located well off-
shore of northern Oregon, which, when mode ed with Okada’ s (1985) technique, causes the subsidence to be off-
shore. The prehistoric subsidence in northern Oregon was mostly onshore, which, when using Okada’' s method, de-
mands a fully locked zone nearly twice as wide as that of thethermal data. Theincompatibility in the two models
could be caused by (1) inaccuraciesin the thermal data, (2) the underlying assumption that regiona suduction zone
faulting causes the prehistoric subsidence, or (3) inaccurate simulation of subduction zone faulting by the Okada
(1985) technique. Asdiscussed in Appendix A and below, the third factor is probably the main reason for the dis-

parity.

Simulating the Tsunami Waves

Tsunami waves were simulated from the three fault model s using the numerical technique of Luettich and Westerink
(1995za; b) modified asin Myers and Baptista (1995) to account for seafloor deformation and transmissive bounda-
ries (Myers and others, in preparation; Baptista, Myersand Priest, in preparation ). Thetide was assumed to be at
mean higher high water, which isabout 4 feet above mean sealevel. Final run-up eevation along the shoreline at
the limit of the numerical simulation was estimated by adding the cosei smic subsidence to the maximum run-up ele-
vation reached in each simulation. Initial draft inundation maps (Open-File Report O-95-68) were produced using
the run-up elevations from Models 2 and 3. These two simulationsillustrate the uncertaintiesin the process, since
Model 2 generally produces the highest and Model 3 the lowest run-up in most areas. Thefinal maps (Open-File
Reports O-95-9 through O-95-66; Figure 3) used for implementation of ORS 455.446 and 455.447 are based on in-
undation inferred from the Model 2 smulation.

Because the time and resources were not available to do detailed numerical modeling of tsunami inundation, the nu-
merical grid (Figure7) was not refined enough to accurately model any of the bays or estuaries, with one partial
exception. The Columbia River estuary islarge enough for even arelatively coarse numerical grid (Figure 8) to
simulate the decrease in wave height within the estuary; however, dry land inundation was poorly simulated, owing
to the small size of dry land barriers and coarseness of thegrid. Theinability of the numerical simulation to “see”
barriers such as small sand spits, jetties, seawalls, and dikes because of the coarse numerical grid was a major
source of error, except for onearea. Thelarge jetties that guard the mouth of the Columbia River and the Highway
101 embankment on the west side of Y oungs Bay were accurately modeled with refined grids (Figure 8).

Mapping Tsunami Inundation

Inundation was mapped by first adding cosei smic subsidence to the smulated run-up eevations and then inferring
the location of the inundation limit on 1:24,000-scal e topographic maps. The cosel smic subsidence was estimated
from study of wetland soils buried during prehistoric subsidence events. Curt D. Peterson of Portland State Univer-
sity provided an unpublished compilation of subsidence estimates based on hisfield datain Oregon. At the open
coast an additional run-up of 0-1 feet was added from Florence to Waldport, 1-2 feet from Waldport to Newport, 2-3
feet from Newport to Siletz Bay, and 3-4 feet from Siletz Bay to the mouth of the Columbia River. These adjust-
ments made only minor differences in the mapped inundation. Subsidence inferred from the prehistoric geologic
record also changes eastward in large estuaries like the Columbia River, reaching a maximum and then decreasing
further inland. Maximum prehistoric subsidence of about 6-7 feet occurred in the vicinity of Blind Slough immedi-
ately east of Astoria (unpublished 1995 data of Curt D. Peterson).

Owing to generally low values of prehistoric subsidence (<3 feet) recorded in estuaries on the south coast (Peterson
and Briggs, 1992; Briggs, 1994), complications from local geologic structures, and uncertaintiesin the regiona fault
modd there, neither uplift nor subsidence was assumed. Asillustrated by Model 3 (Figure 4c) and the work of
Hyndman and Wang (1993), amodest amount (<5 feet) of coseismic uplift may affect some parts of the open coast
south of Florence, so assuming zero deformation generally errs on the conservative side (higher run-up).

8
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Thismay not be the case for some areas, however, if the basic earthquake model isin error (see Appendix A for
discussion).

The inundation limit drawn on the maps was ultimately inferred by professional judgment based on (1) the model
run-up corrected for coseismic subsidence, (2) topographic elevation contours on the 1:24,000-scale USGS quadran-
gles, and (3) any detailed topographic data that could be obtained within the time constraints of the project. Profes-
sional judgment was based on studies of inundation at Siletz Bay (Priest and others, in preparation) and the Colum-
bia estuary (Figure 8), tempered by field observations of inundation caused by the 1992 Nicaraguan and 1993 Sea of
Japan tsunamis (Baptista and others 19933, b; Baptista and others, 1995a). The limits are thus subject to consider-
able error and should be supplemented by future, more detailed studies such asthat done for Siletz Bay (Priest and
others, 1995). These studies are particularly essentia for the major estuaries and bays where the inland distance of
inundation is greatest and uncertainty is equally greet.

Professional judgment was guided by the following procedures:

1. Run-up eevation wasinferred from the maximum el evation reached by any wave during 8 hours of simulated
tsunami wave activity following the earthquake.

2. No tsunami run-up was assumed to be lower than (a) the run-up predicted for distant tsunamis striking the area
at an average recurrence of 500 years (see data of Houston and Garcia, 1978), and (b) any historic run-up from
distant tsunamis. The highest well documented historic run-up is from distant tsunamisthat struck the Oregon
coast from the 1964 Alaskan earthquake (see data of Schatz and others, 1964).

3. Open coastal run-up was assumed to decrease inland in barrier-protected bays and estuaries similar to numerical
simulations of run-up at Siletz Bay and the Columbia River (Figure 9). Both estuaries reach the ocean through
barrier-protected channels, but the Columbia channel is quite deep, opening into alarge estuary, whereas the
Siletz estuary is anarrow shallow channel opening into a small shallow bay. The two represent extremes that
cover much of the variation in coastal Oregon. Figure 9 shows that in both estuaries run-up is about 30-50 per-
cent lower than open coastal values within the first mileinland of the coastline. Detailed examination of the
simulations reveal s considerable variation, represented in Figure 9 by error bars. For example, run-up islocally
higher if the tsunami partially or completely overtops the barrier, strikes a shoreline directly behind the entrance
to an estuary, or entersa congtriction in the estuary. The error was generally added to the average run-up value
to obtain the final run-up eevation.

4. It was assumed that in barrier-protected bays, the tsunami 1 mileinland of open water would be reduced to a
limited surge that would mainly affect areasimmediately adjacent to the banks of tidal channels or rivers
(Thomas J. Sokolowski, written communication from the Alaska Tsunami Warning Center, 1995). In al small
estuaries (smaller than the Columbia River) the run-up morethan 14 mi. (22 km) inland was assumed to be con-
fined to existing high water river banks, based on the maximum upstream occurrence of possi ble overbank de-
posits from prehistoric tsunamis (unpublished 1995 data of Curt D. Peterson). Run-up was generally not ex-
tended inland a significant distance past the tidally influenced portion of any river.

5. Dry-land inundation distance across relatively flat ground was inferred by extrapolating the run-up e evation at
the shorelineinland until a barrier was encountered or until alateral distance was reached that conforms ap-
proximately to the following equation: inundation (miles) = run-up (feet)/14. This equation was derived em-
pirically from general observations of dry land and wetland inundation simulated at Siletz Bay and the Colum-
bia River, assuming the largest inundation distances from that data.

6. Shoreline dunes|less than two elevation contours higher than the inferred run-up el evation were shown asinun-
dated, if discontinuous. In this case the inundation boundary was drawn landward in a position where more
continuous highlands occurred. This seemed prudent, snce dunesright at the shoreline could easily be over-
topped, if the model elevation werein error by a few feet. Likewise, the ephemera nature of shoreline dunes
and the age of the base maps (1973-1986) cast doubt on the reliability of their mapped location and elevation.

! Senate Bill 379 rules (ORS 455.446 and 455.447) provide for an exceptions process and appeal s to accommodate
future refinement of the inundation maps.
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9.

_____ o Siletz Bay Scenario 3

————— o Siletz Bay Scenario 2

N ———— o Siletz Bay Scenario 1
‘i ——— ¢ (Coplumbia River Model 2
Columbia River Model 3

Run-up (feet)

Distance from open coast (X 1000 feet)

Figure 9. Variation in numerically simulated run-up elevation in Sletz Bay and the Columbia River at several
distances eastward fromthe open coast. Compiled from numerical smulations at Sletz Bay by Baptista and
others (1995) and at the Columbia River by E. P. Myers |11 and A. M. Baptista of the Oregon Graduate Institute
of Science & Technology.

In cases where there were few elevation data, the inundation line was placed where it would provide maximum
safety. For example, where the inferred inundation line was between elevation contours, the eevation of the
line was estimated by assuming that the slope was about as steep or dightly steeper than surrounding topogra-
phy. In some cases bench marks provided clues to elevation in areas without detailed contours. In other cases
mapped railroad grades, highway grades, and levees that rise above the general land level provided convenient
boundaries at the extreme limits of inundation. Areas indicated as wetlands or marsh were generally shown as
inundated, particularly where subject to coseismic subsidence.

In some areas like Blind Slough on the Columbia River, the numerical models predict little tsunami run-up, but
the data from soils buried after prehistoric earthquakes suggest significant subsidence. The flooding that would
occur from subsidence in these areas was mapped as the minimum inundation.

Areas underlain by deposits inferred to be from historic or prehistoric tsunamis were included in the inundation
boundaries. Since tsunamis can inundate without leaving behind a sediment deposit, presence of deposits was
considered a good indication of minimum inundation. Maps of deposits and inferred tsunami surge distances up
estuaries were referenced from Darienzo and others (1993), Gallaway and others (1992), Peterson and others
(1991a), Peterson and others (1993), Peterson and others (1995), and Paul Visher (written communication,
1995).
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RESULTS OF THE NUMERICAL SIMULATIONS

Maximum run-up predicted from the smulations is summarized in Figure 10. Appendix B shows detailed graphs
for each quadrangle map of the maximum open coastal run-up for Models 2 and 3. Time histories of the arrival of
waves for Models 2 and 3 at selected localities (chiefly population centers) areillustrated in Appendix C.

Maximum Run-up Versus Latitude

60.0
Model 1 (Whitmore, 1993)
» Modesl 2 (narrow locked zone)
-------- Model 3 {(wide locked zone from buried wetland soil data)
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Figure 10. Maximum run-up elevation at each latitude for Models 1, 2, and 3.
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Figure 11 illustrates parts of the coast that received the highest run-up from al three of the models. In each caseitis
apparent that offshore banks and canyons cause many of these variations, the canyons funneling wave energy, the
banksrefracting it in complex ways. Of particular importance is Heceta Bank (Figure 11) which createsan “idand’
effect, causing the waves to refract around the bank, constructively interfering at Newport and Waldport where run-
up isanomaloudly high (Figure 10).

The location of the sea floor deformation, especially the subsidence, was the key difference between the models with
respect to tsunami hazard. Asillustrated in Figures 4a, 4b, and 4c, the location of undersea subsidence predicted by
each modd isincreasingly different northward from Coos Bay. The coselsmic subsidence of Model 2 is always fur-
thest out to sea and consistently produced the highest run-ups (Figure 10). Model 1 produced intermediate val ues,
and Model 3thelowest. Model 2 predicted run-ups on the north-central coast mostly clustering around 30-35 feet.
North of Tillamook, Mode 2 produced open coastal run-ups mostly in the 30- to 40-foot range, reaching a high of
40 to 49 feet in the Seaside area. Model 1 was generally about 25-40 percent lower, and Model 3 about 40-50 per-
cent lower.

All of the models produced little undersea subsidence and relatively small (15- to 25-foot) tsunami waves from Coos
Bay and south, because the subduction zone fault is close to shorethere. One exception isthe Brookings area,
wherelocal conditions produced run-up elevations similar to those in northern Oregon. Even though run-up eleva-
tions of 15-25 feet arerelatively modest, the highest model run-up values in any given locality are still generally a
few feet higher than the run-up predicted for distant tsunamis that might strike every 500 years (see data of Houston
and Garcia, 1978).

The simulation locally overestimates open coastal run-up by missing bay mouth barriers, owing to the coarseness of
the grid. Without the barriers, these bays are modeled as valleys that funnel or focus the wave energy. Therefore,
when using the run-up graphs of Appendix B, beware of any anomalous rise in run-up height at a barrier-protected
embayment. The clearest example of this problem isat Sletz Bay where predicted run-up for all of the models rises
dramatically at the latitude of the Bay relative to bluffs to the north and south. Thisisnot accurate, because detailed
numerical simulations (Priest and others, 1995; Baptista and others, 1995b) clearly show that Salishan Spit will dis-
sipate the tsunami energy before it can become concentrated in the embayment. Hence, for Siletz Bay, run-up val-
ues listed in Appendix B from north and south of the embayment are probably more representative of the open
coastal run-up at the spit.

Open coastal run-up devations listed here for Models 2 and 3 (Appendix B) in the Siletz Bay-Lincoln City areaare
within afoot or two of the run-up elevations of Scenarios 2 and 1, respectively, from the map of Priest and others
(1995). Thisisremarkable, since rather different techniqueswere used in the two studies. The only exception to
this generalization is the above-mentioned anomaly at Salishan Spit. Hence, the inundation mapped by Priest and
others (1995) was utilized for the equivalent maps of this study.

VALIDATION FROM PREHISTORIC TSUNAMI RUN-UP ESTIMATES

Estimates of prehistoric tsunami run-up require extensve field studies that are, in most cases, still in progress or on
hold pending receipt of adequate financial support. Tsunami run-up estimates from all three models are generally
within the uncertainty of the run-up el evations estimated from the prehistoric data.

A recently completed study at Salishan Spit (Priest and others, 1995; Peterson and others, 1995) concluded that pre-
historic run-up at the open coast for the tsunamis that struck 300 and 800 years ago could range anywhere from 16 to
39 feet with amost likely run-up of about 23-30 feet. Model 2 predicts about 25-30 feet in the general areawhere
these prehigtoric data were studied. Model 1 predicts about 18-20 feet, and Model 3 about 16-19 feet. Hence, all of
the model s are possible within the range of uncertainty in the prehistoric data.

Gallaway and others (1992) have estimated from overtopped barriers at Cannon Beach that run-up for the tsunamis
that struck about 300 and 800 years ago probably exceeded the minimum barrier height of 16 feet, but the maximum
run-up is not known with any certainty. Modd 3 predicts 17 feet there, Model 1, 19-20 feet, and Moddl 2, 31-33
feet, so all of the model s are possible within the errors due to tides and the simul ation technique itself.

Darienzo and others (1993) concluded that much of the barrier ridge on the west bank of Neawanna Creek at Seaside
may not have been overtopped by the tsunamisthat struck 300 and 800 years ago. This barrier is currently about
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20-22 feet high, decreasing to an devation of 15 feet at its south end, where it was breached by the prehistoric tsuna-
mis. This 15-feet of elevation ismideading, since considerablefill has been placed there. The highest part of the
barrier ridgeis 2,500 feet inland of the open coast, so any ancient tsunami would have had to overtop the first barrier
ridge at the shoreline and cross the Necanicum River before striking this second ridge. A tsunami would have de-
creased significantly in height while traveling thisfar. Estimating the open coastal run-up from this evidence is very
difficult without detailed numerica modeling. Model 3 predicts an open coastal run-up of 18 feet where the barrier
ridges were overtopped on the south, Model 1, 25 feet, and Modd 2, 40 feet. None of the models can be ruled out
by the evidence at Seaside.

Studies of small shoreline lakes in southern Oregon by Harvey Kelsey of Humbolt State University and Alan Nelson
of the U.S. Geological Survey are still being conducted and have not yielded final results. Many of these lakes have
apparent tsunami sand layers and are separated from the coast by barriers with present elevations on the order of 10-
20 feet. Theinferred inundation by most of the model tsunamis examined here aredl very smilar in southern Ore-
gon and are high enough, within the uncertainties of the run-up estimates, to inundate al of these lakes.

VALIDATION FROM OBSERVATIONS OF THE 1964 TSUNAMI

The great Alaska earthquake of March 27, 1964 produced large tsunami waves which struck the Oregon coast sev-
eral hours after the earthquake. The 1964 tsunamis approximate the run-up predicted by Houston and Garcia, (1978)
for distant tsunamis that could strike on average every 500 years. One would expect that a distant tsunami would
generally produce run-up significantly lower than that of alocally generated tsunami, provided that the source earth-
quakes were of similar magnitude. Since the earthquake ssimulated here and the Alaskan event approximate magni-
tude 9, this condition is satisfied.

The observed run-up in Oregon from the Alaskan tsunami waves, as compiled by Schatz and others (1964), was
generally lower than any of the modd waves examined here, except on the south coast. From Florence south to the
Coquille River, the 1964 run-up was in many cases equal to or slightly larger than the modeled run-up for Moddl 3
but smaller or subequal to that of Model 2.

The run-up from the 1964 Alaskan wave at the Siuslaw River was 12 feet above mean high water, or about 16 feet
above mean sealevel. Thelocation of this observation, as shown on the Schatz and others (1964) map, appearsto
be at Florence. Thisimpliesan open coastal run-up higher than 16 feet, since Florence is about 4 river milesinland
of the coastline; however, the narrow estuary leading from the open coast to Florence may maintain or amplify the
wave height of open coastal tsunamis. This possibility needs to be studied by detailed numerical simulations. The
simulation of a 500-year distant tsunami by Houston and Garcia (1978) predicts a 16 foot run-up at the open coast,
assuming a statistically averagetide. Model 2 predicts open coastal run-up of 18-20 feet and Model 3, 12-18 feet,
assuming tide at mean higher high water (12-16 feet and 8-14 feet, respectively, for waves arriving at a mean tidal
level). Hence, Models 2 and 3 seem somewhat low in light of the smulations and actual field observations of dis-
tant tsunamis.

The maximum run-up from the 1964 Alaskan event at the mouth of the Umpqua River is on the order of 14 feet
above mean high water, or about 18 feet above mean sealevel. Thelocality of this observation is difficult to specify
precisaly from the map of Schatz and others (1964), but it appearsto be within the estuary in the vicinity of Win-
chester Bay. Thiswould imply arun-up at the open coast higher than 18 feet. Open coastal run-up for Modd 3is
about 12-16 feet and for Model 2, 18-28 feet with tide at mean higher high water (8-12 feet and 14-24 feet, respec-
tively, at amean tidal level). Predicted open coastal run-up for the 500-year distant tsunami of Houston and Garcia
(1978) isabout 13 feet at a statistically averagetide. The Mode 3 simulation appearsto underestimate the hazard.

The above observations suggest that in the Horence-Coquille River area simulations of locally generated tsunamis
arenot agreat deal larger than the largest distant tsunamis. It also appears that the Modedl 3 ssimulation produces tsu-
namis that are dightly smaller than the 1964 Alaskan tsunamis. The latter observation impliesthat either (1) thereis
an error in the simulation process for Modd 3, or (2) locally generated tsunamis may actually be smaller than the
largest distant tsunamisin thisarea. Asexplained below and in Appendix A, the former ismore likely the case.
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PRECISION AND ACCURACY OF THE INUNDATION LINES

One of the largest sources of error is uncertainty in the absol ute run-up elevation at the open coast. The fault dislo-
cation modeling technique is the reason for most of thisuncertainty. As explained in detail in Appendix A, the
Okada (1985) fault dislocation software inaccurately portrays certain aspects of the coseismic uplift and does not
properly reproduce cosei smic deformation above partially locked areas of the subduction zone fault. The discussion
in Appendix A shows that coselsmic (during the earthquake) sea floor deformation extrapolated directly from in-
terseismic (between earthquakes) deformation rates of Hyndman and Wang (1993), eiminates many of the errors
associated with the Okada software, but the extrapolation isonly a crude approximation, particularly for the south-
ern part of the coast. Maximum tsunami run-up predicted by a preliminary numerical simulation of the Hyndman
and Wang (1993) deformation datais similar to the maximum run-up predicted by Moddl 2, even though the se-
guence and timing of simulated tsunami waves and troughs (the time history) ismore similar to Modd 3 (see Ap-
pendix A). Recent interpretations of therate of rise of the Oregon coastline (Hyndman and Wang, 1995) suggest
that the locked zone on the Cascadia fault may be narrower than assumed by Hyndman and Wang (1993) and much
narrower than that of Models 1, 2, or 3. Asillustrated by Models 2 and 3 (Figures 4b, 4c, and 10), narrowing the
locked zone generally produces higher tsunamis, so this could be a source of error, particularly from Cape Blanco
south (see discussion in Appendix A). Fortunately, the steep coastal terrain on the southernmost Oregon coast limits
inundation, so any future revision of the mapsislikely to be small.

Regarding accuracy of thelines, as explained above, the vertical uncertainty in open coastal run-up elevation ison
the order of 50 percent between the numerical models. The greatest uncertainty isin the inundation distance
(horizontal accuracy), sincethe numerical grids were not refined enough to simulate the details of the dry land to-
pography or the shallow water bathymetry. Since professional judgment was used to infer inundation, the resulting
error isdifficult to quantify, but isvery large at bays and estuaries and smaller at steep bluffed shorelines.

In all cases the precision of the inundation linesislimited by the scale of the mapsto no better than £40 feet hori-
zontal and £10 feet vertical. Horizontal precision isno more than the width of the drawn line, which is about £0.02-
0.03 inches or about +40-60 feet on the ground. The precision of reference features such asroads, etc., on the map
itself is £0.02 inches (x40 feet on the ground). Vertical precision depended on the spacing of the elevation contours
and the proximity of the contours to the inferred run-up elevation. The maximum uncertainty between contoursis
100 percent of the contour interval. Contour intervals on the base maps are either 20, 25, or 40 feet. Wherethein-
undation line fell by chance at or very close to a contour, the precision is approximately +10 feet.

In local areas more detailed topographic data were available and were utilized. Elevation contours &t intervals of 2
feet were utilized in Coos Bay, North Bend, Reedsport, Winchester Bay, Warrenton, Clatsop Spit, Gearhart, Seaside,
and Cannon Beach. Contoursat intervals of 5 feet were available from the D River to Gleneden Beach Wayside.
Contours at intervals of 10 feet were available at Y aquina Bay and South Beach. When transferred to the 1:24,000-
scale base maps of this study, much of this detail islost, however.

In low-lying forested areas, there can be considerable error in the elevation contours. In afield check of northern
Cannon Beach and several areas of southeastern Seaside, contours on the USGS quadrangle were clearly higher than
the ground by 20-50 feet, owing to the air photo analyst placing them near the tops of trees. Sincethis error can
cause the drawn inundation not to reach as far inland as it should, users should not use the published maps blindly.
Ingtead, use field observations to make sure that forested areas not in the mapped inundation zone. Refer to run-up
elevations listed in Appendix B, and, if thereisa potential problem, call the Oregon Department of Geology and
Mineral Industries for advice.

Finally, thetidal level and risesin sealevel from stormsor El Ninds at the time of an actual tsunami could change
the run-up eevation by £3-5 feet from the mean higher high water level of +4 feet assumed in the simulation. This
would also make significant changesin the horizontal position of the inundation lines.

All estuaries and bays need more detailed treatment than possible in thisproject. The Oregon Department of Geol-
ogy and Minera Industries will be happy to cooperate with effortsto refine any of the inundation boundaries.
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CONCLUSION

All three of the numerical simulations are possible scenarios within the uncertainty of the run-up estimated for pre-
historic tsunamis, although the run-up eevations from Moded 2 and time histories from Model 3 are most consistent
with the available data. Based on observations of run-up on the southern Oregon coast from distant tsunamis, Model
3 may predict run-up that istoo low there. In any case, Models 2 and 3 generdly represent the extreme high and
low scenarios for inundation using software based on the Okada (1985) fault dislocation modd, but the software has
a shortcoming. It cannot precisely ssimulate partial locking down dip and stable sliding up dip of the locked zone on
the subduction zone fault (see Appendix A for discussion). When a preliminary numerical smulation was donein
an attempt to eliminate these problems, while matching interseismic deformation data of Hyndman and Wang
(1993), the simulated tsunamis produced maximum run-ups similar to Model 2 and time histories (sequence and tim-
ing of waves) similar to Model 3 (see Appendix A). All of the models (and the preliminary simulation) may under-
estimate maximum tsunami run-up, if recently published estimates of the width of the locked portion of the Cascadia
subduction zone (i.e. Hyndman and Wang, 1995) are correct (Appendix A). However, this underestimate of run-up
elevation may only be a problem for the coast from Cape Blanco south, and even there, only modest revision of the
existing inundation mapsislikely (see discussion in Appendix A).

Revision of the inundation maps isrecommended once uncertainties in the width of the locked and partially locked
portions of the Cascadia subduction zone are resolved and more accurate fault dislocation modeling softwareis
available. The more accurate software will need to be fully three dimensional like the Okada (1985) model, accu-
rately simulating partial locking, locking, and stable diding on the subduction zone fault.

USE OF THE MAPS

Owing to uncertaintiesin location of the tsunami flooding lines, thelines are not in general recommended for site-
specific land use and engineering decisions. The maps are designed only for preliminary screening of sites for new
essential and special occupancy structures, as required by Senate Bill 379 (ORS 455.446 and 455.447). The maps
arenot intended to be land use planning documents. They have been produced purely in the interest of public safety
relative to essential facilities and in the context of an informed exceptions process.

Whereas the maps, when used in concert with other information, may also be useful for tsunami evacuation plan-

ning, it must be kept in mind that they were not produced for that purpose. Maps with additional factors of safety
may be more appropriate for planning evacuation routes. For example, atsunami about 10-50 percent higher than
any of themodel tsunamis used here isthe basisfor evacuation planning in the Eureka and Crescent City areas of

northern California (see Scenario 3, Figure 8, of Priest and others, 1995; Toppozada and others, 1995).

RELATED HAZARDS

In areas north of Florence and possibly on the south coast aswell, coastal erosion and long term (tens of years)
flooding are likely to result from the sudden subsidence that accompanies great (M 8-9) earthquakes. Beaches and
foredunes on the open coast can be partially or completely removed by wave erosion over aperiod of years when an
area subsides. Any loss of the buffering effect of beaches will make open coastal bluffs subject to severe erosion by
storm waves.
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Local areas south of Florence may experience up to afew feet of coseismic uplift. Docks and other facilities that
need to be at the shoreline may be affected.

WHAT TO DO IN THE EVENT OF AN EARTHQUAKE

In the event of alarge undersea earthquake on the coast, water will begin to risein most areas immediately after the
earthguake, about 14 to 30 minutes elapsing before the first wave crest arrives (see Appendix C for guidance on
tsunami arrival times). Thereforeif you feel an earthquake with 20 seconds or more of strong ground shaking,
head immediately inland or to high ground. In many caseswavesarriving in the second or third hour may be as
high or higher than thefirst wave, and dangerous activity will continue for 8 to 10 hours, so do not go back to the
shoreline until an official “all clear” isissued. Strong shaking is enough to make it hard to stand up during the
earthquake. These guidelines will eiminate most false alarms, but, since large tsunamis can be generated by less
felt shaking, local jurisdictions may choose to use more conservative thresholds for evacuation (e.g., any felt earth-
quake).
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APPENDIX A
TECHNICAL DISCUSSION OF FAULT PARAMENTERS AND RESULTING TSUNAMI SIMULATIONS

FAULT LENGTH

Fault length was set equal to 404-miles (650-km) based on afault segment from Weaver and Shedlock (1989). This
length may, in fact, underestimate the maximum possible rupture length, if the conclusions of Atwater and others
(1995) are correct. In any case this length was convenient for the smulation, since it generates tsunami waves from
the closest possible source throughout the Oregon coast.

AMOUNT AND DIRECTION OF FAULT SLIP

A fault dip aslarge as 43 feet (13 m) can bejustified for a 404-miles (650-km) rupture based on the empirical ratio
of 2 x 10° determined by Scholz (1990) to be the minimum ratio of slip divided by fault length for interplate thrust
faults. Assuming a Mw 8.8 earthquake, Whitmore (1993) derived a dip of 29 feet (8.7 m) using the sei smic moment
formula of Hanks and Kanamori (1979): Mo = (mu) (Ilength) (width) (dlip). All values were known but dip. Using
this same technique and assuming arigidity (mu) of 4 x 10" dyne cm™, adip of 38 feet (11.5 m) isneeded to gener-
ate a Mw 8.8 earthquake using the 41.3-mile (66.5 km)- wide locked zone of Modd 2. The prehistoric subsidence
data used in Modd 3 requires adip of about 34.4 feet (10.5 m), which alows the Okada (1985) model to generate
the maximum subsidence of 6.6 + 0.8 feet (2 = 0.25 m) indicated by prehistoric subsidence data from the Blind
Slough area of the Columbia River (unpublished 1995 compilation by Curt D. Peterson, 1995). Thisdip, when
combined with therather wide rupture of Model 3, produces an earthquake of approximately Mw 8.9.
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Thereisno datato constrain the dip direction. Therake angle, was therefore assumed to be 90° (puredip dip mo-
tion straight up the fault plane).

FAULT DIP

According to Trehu and others (1994), the dip on the Cascadia subduction zonein Oregon at the | atitude of Cape
Foulwesather varies from 3-5° at the continental slope to 13-16° under the Coast Range. Theregion of interest for
use of the Okada (1985) modedl isthe locked portion of the fault located near the coastline and under the continental
shelf, extending to within 5 km of the deformation front. Using the data of Trehu and others (1994), the dip under
the shelf and coastlineis on the order of 11° with an average of 10.5° from the toe of the continental dopeto the
coast.

Okada’ s (1985) model assumes ahorizontal surface above the fault, but the sea floor dlopes at an average angle of
1.6° from the coast to the deformation front, generating a volume of water below mean sealevel that the model as-
sumesisrock. Thiscan be corrected by scaling the dip from the sea surface directly above the trace of the fault to
the coastline, where, according to Trehu and others (1994), the fault liesat 22 km depth. This operation yields a
model dip of 12.1°, smilar to the dip of 13° used by Whitmore (1993) and the 11.8° used by Hyndman and Wang
(1993) for their Oregon smulation. Thisvalue of 12.1° was used for Models 2 and 3.

METHODS AND UNCERTAINTIESIN SIMULATING EARTHQUAKE DEFORMATION

Hyndman and Wang (1993) presented a two-dimensional fault dislocation model that predicts an overall rate of in-
terseismic horizontal and vertical deformation that satisfies observed horizontal strain measurements and heat flow
datain northern Oregon and Washington (Figures A1 and A2). Their model accountsfor alocked zone approxi-
mately 43 miles (70 km) wide in northern Oregon, extending to atemperature of 350 °C, and a partially locked
zone, the amount of locking decreasing linearly to zero at 450 °C over an additional 43 miles (70 km) down the dip
on thefault (Figures A1 and A2). Their 1993 model did not take into account Trehu and others' (1994) data on the
dip of the subduction zone. The Model 2 locked zone used here was assumed to extend to 350 °C, the depth being
estimated from the Oregon temperature profile of Hyndman and Wang (1993) and the dip of the fault from Trehu
and others (1994). Since the Okada (1985) fault didl ocation software cannot accurately simulate partial locking of
the fault, no attempt was made to extend the locked zone to higher temperatures (greater depths). As explained in
the main body of the text, the width of the Modd 3 locked zone was set by trial and error using the Okada (1985)
technique to produce cosei smic deformation matching prehistoric coastal subsidence estimated from geologic analy-
sis of buried soils, mainly from data north of Cape Blanco. Theresulting Mode 3 locked zone is nearly twice as
wide asthat of Mode 2.

An additional experiment was conducted to examine whether the disparity between Models 2 and 3 is from lack of
accurate simulation of the deformation above the partially locked zone on the Cascadia subduction zone. Coseismic
deformation over the locked and partially locked zones can be approximated from Hyndman and Wang's (1993) in-
terseismic deformation rates by assuming that all deformation isrecovered during the earthquake (perfect elasticre-
covery). Theamount of deformation isthen smply calculated by multiplying their rate by the time that el apses be-
tween earthquakes. The error caused by assuming perfectly elastic deformation is probably small, since inelastic de-
formation, as expressed in uplifted marine terraces along the coast, is about an order of magnitude smaller than in-
terseismic deformation. For example, on the central Oregon Coast the marine terrace inferred to be about 80,000
yearsold iseither closeto sealeve or only afew tens of feet about sealevel. Hence, theinelastic vertical strain rate
isat most about 0.05 inches/yr (0.2 mm/yr), much smaller than the interseismic rates of Figure A1. Some aseismic
dip (creep) can, in some cases, release strain on deeper portions of a subduction zone fault a few days or tens of
years after earthquakes (Hyndman and Wang, 1995), introducing an additional source of error. Another error is
caused by not correcting the model for new data from Trehu and others' (1994) study, but this makes only a small
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Figure Al. The upper figure shows the vertical rate of deformation (U) versus distance along the Oregon transect
mapped in Figure A2. The lower figure shows a vertical cross section of the model subduction zone Jault with zones
of full (solid line) and partial (dashed line) locking. Taken from Hyndman and Wang (1993).
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Figure A2. Map of transects modeled for interseismic deformation rates in the study of Hyndman and Wang (1993},
The closely stippled region lies over the fully locked part of the Cascadia subduction zone. The lightly stippled region

is partially locked, varying linearly from fully locked at 350 °C fo unlocked at 450 °C. Taken from Hyndman and
Wang (1993}
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(10 km) difference in the width of the inferred locked zone, well within the £20 km error in the technique (Hyndman
and Wang, 1995). In the following discussion vertical coseismic deformation inferred from interseismic deforma-
tion rates of Hyndman and Wang (1993) isreferred to as the HW model or HW deformation.

To comparethe vertical coseismic deformation of the HW model with Models 1, 2, and 3 of this paper, two extreme
cases were examined. In one casethe HW rates were multiplied by the time needed to produce uplift matching the
maximum uplift of 17 ft (5 m), which occursin Model 2; in the other case a match was made to the maximum subsi-
denceof 6.6 = 0.8 feet (2.0+ 0.25 m) in Model 3. Recall that the Model 3 subsidenceisthe valueinferred from
study of buried wetland soils (unpublished 1995 data of Curt D. Peterson). The first HW model requires an earth-
quake recurrence of about 600 years and produces a zone of maximum uplift much wider than any of the models,
while causing maximum subsidence over 50 percent larger than the maximum inferred from the buried soils (Figure
A3). The HW modd matching the maximum prehistoric (Model 3) coseismic subsidence of 6.6 + 0.8 feet (2.0 +
0.25 m) requires an earthquake recurrence of 400 + 50 years. Multiplying 450 years (mean plus the uncertainty) by
the HW deformation rates produces a wide zone of undersea uplift about 3 feet (1 m) higher than that of Mode 3,
except at the shallow end of the fault, where Model 3 produces a narrow zone about 5 feet (1.5 m) higher than the
HW mode (Figure A3). ThisHW mode seemsto be the most geologically reasonable, approximately matching the
east-west location of subsidence inferred from buried soils on the northern coast (Figure A3) and the recurrence of
400 * 200 years inferred from dating the soils (i.e. Peterson and others, 1991; Darienzo and Peterson, 1995). Hence,
when the partialy locked zone is taken into account, cosei smic subsidence data from buried soils and from tempera-
ture data can possibly be accounted for in a single fault dislocation model.
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Figure A3. Upper diagram shows coseismic deformation on the Cascadia subduction zone inferred from Okada
(1985) fault didocation software (Models 1, 2, and 3) and from inter seismic deformation rates of Hyndman and
Wang (1993)(HW). The two HW deformation patterns are derived by applying enough time between earthquakes
for the HW rates to produce the maximum uplift (diamonds) and maximum subsi dence (squares) of Model 3.
Lower diagramis a cross section of the subduction zone in Oregon showing the locked (solid line) and partially
locked (dashed line) zone of Hyndman and Wang (1993) compared to the Okada models
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The most striking feature of the HW model islack of the narrow zone of extreme uplift that characterizes the Okada
(1985) pattern in Models 1, 2, and 3 (Figure A3). In theory the maximum coseismic uplift should not be greater

than the fault dip multiplied by the sine of theinclination (dip) angle of the subduction zone fault, unless the fault
movement isresisted by an obstacle. An obstacle to movement will force some of the horizontal displacement into a
vertical direction. If no obstacleis present, as seems likely for the Cascadia subduction zone, then the maximum
uplift for models 1, 2, and 3 should be no more than about 6.5-7.2 feet (2.0-2.2 m), whereas the narrow “spike” of
uplift produced by the Okada software is about twice that high.

Paul Whitmore (1996, personal communication) discovered that this “ spike” disappears, if the Okada modd fault is
unlocked all the way to the surface. Hence, the “spike” isin fact produced by the assumption of the Okada model
that thereis no fault up dip of the locked zone, thereby producing resistance to the coseismic dip and transferal of
some horizontal motion upward at thetip of the fault. Since thereisawell developed fault up dip of any locked
zone on the Cascadia subduction zone, the “spike’ of uplift isnot avalid representation of the actua deformation.
Hence, the HW uplift pattern is probably more geologically reasonable. As explained below, the small volume of
the “spike’ tsunami wave so generated does not have a significant impact on run-up and may be viewed as adding a
small factor of safety to run-up estimates.

EFFECT OF SOURCE UNCERTAINTIES ON PREDICTED TSUNAMI RUN-UP

Using numerical simulation techniques of Models 1, 2, and 3, simulated tsunami waves were produced to evaluate
(1) the increase in run-up produced by the anomalous “spike’ of uplift in Models 1, 2, and 3, and (2) the differences
between run-up from these models and that of the HW moddl.

Effect of the “ Spike” of Uplift Model 2 was chosen to eval uate the effect of the “spike” of uplift onrun-up. The
“spike” was removed by hand smoothing the predicted bottom deformation, eliminating al uplift greater than 2.2 m,
the maximum uplift derived by multiplying dip timesthe sine of the dip. Using Model 2 as an example, Figure A4
demonstrates that the “spike” of uplift only adds about 3 percent to the run-up elevation in most areas.

2glip for Moddl 2 = 37.7 ft (11.5m). Dip = 12.1°for thr mode dip used in the Okada (1985) technique to correct
for seafloor slope. Average dip in the geologic cross section = 10.5° at the seismic line of Trehu and others
(1994), so uplift could be calculated as 2.1m (10.5° dip) or 2.4 m (12.1°dip). An intermediate value of 2.2m was
chosen.
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Figure A4. Comparison of maximum run-up with and without the anomalous “ spike” of uplift.

Effect of the HW Deformation Versus Deformation of Models 2 and 3 A preliminary coseismic deformation for the
HW mode was computed by (1) using bottom deformation derived from the HW strain rates at two transects per-
pendicular to the coastlines of Washington and Oregon (Figure A2), (2) assuming 450 years of strain build up before
the earthquake, and (3) linearly extrapolating the resulting bottom deformation north-south from the two HW tran-
sects.  Theresulting deformation resembles that of Model 3, but lacks the anomalous “spike” of uplift (Figure A5).
Numerical simulation of the resulting tsunami waves yielded HW run-up much larger than that of Model 3 (Figure
AB6), sorun-up was strongly affected by the broad zone of higher uplift in the HW model relative to the same zone in
Model 3. Thesimilarity of the bottom deformation between Model 3 and the HW moddl |eadsto asimilar pattern of
variation along the coast (Figure A6). Likewise, thetime higtories of the HW tsunami smulation are similar to
those of Model 3, so thereisaleading positive wave in most areas (Figures A7 and A8). This hasimportant impli-
cations for evacuation planning (see Appendix C).

3The maximum HW uplift of 10.8 feet (3.3 m) requires fault dlip of 51.6-59.4 feet (15.7-18.1 m) for afault dipping
10.5-12.19, this dlip requires a minimum fault length of 800-900 km and Mw of 9.1-9.2, using the empirical data of
Scholz (1990). Thisis areasonable fault length and magnitude based on an analysis of coseismic subsidencein-
ferred from buried wetland soils (Atwater and others, 1995). The actual fault length used in the simulation (Figure
ADb) is 700 km, but enlarging the fault length to 800-900 km would not significantly affect the tsunami simulation
in Oregon.
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Maximum Run-up Versus Latitude
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Figure A6. Maximum run-up of models 2, 3, and the Hyndman and Wang (1993) fault model
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Figure A7. Time histories for Models 2, 3, and the HW model for a typical north coast site. Note the similarities
between the HW model and Model 3.
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The maximum run-up for the HW simulation ismost similar to Modd 2 (Figure A6). The offshore trough of subsi-
dencein Modd 2, which amplifies wave height, compensated for its smaller broad zone of uplift relative to the HW
model (Figure A3). From Lincoln City north, the main difference between Moded 2 and the HW run-up is a some-
what larger range of run-up eevations for Modd 2, leading to dlightly higher values wherelocally higher run-ups
occur and lower values where local minimums occur, but the pattern is the same (Figure A6). The HW modd run-
up isabout 10 feet higher than Model 2 at Newport and Waldport, where complex wave interference patterns create
higher run-up in the second hour of the simulation for al models. Model 2 is about 3-10 feet higher than the HW
model at Brookings and from Coos Bay to the north side of Cape Blanco.

IMPLICATIONS OF RECENT RESEARCH FOR REVISION OF THE INUNDATION MAPS

A recent paper by Hyndman and Wang (1995) was published too late for incorporation into this study, but their con-
clusions have important implications for future revision of the Oregon inundation maps. In general, they argue that
the width of the locked zone is much narrower than that assumed in any of the models tested here, including the HW
model. This conclusion is based primarily on modeling of geodetic uplift data, and making the assumption that up-
lift rates determined from tide gauge records and resurveying of benchmarks over the last 50 years arerepresenta
tive of the uplift rate for the entire earthquake cycle of 400 + 200 years. This conclusion may not be valid, at least in
central Oregon, since thereis abundant evidence of buried wetland soils that developed during periods of significant
interseismic uplift, even though many of these same areas have modern geodetic uplift rates near zero (i.e. rates of
Goldfinger and others, 1992; Mitchell and others, 1994). Likewise, the narrow locked zone in Oregon inferred by
Hyndman and Wang (1995) from geodetic uplift datais narrower than that derived by Hyndman and Wang (1993;
1995) from temperature data aone. This problem leads to a mismatch between the position of coseismic uplift and
subsidence simulated by Hyndman and Wang (1995) from geodetic data and that inferred from buried wetland soils
on the coast in south central (Figure A9) and in north central Oregon. On the north central coast (Netarts, Tilla-
mook, Nehalem Bay, and Nestucca Bay) Hyndman and Wang (1995) predict 2.6-1.3 feet (0.8-0.4 m) subsidence,
assuming a 390 year earthquake recurrence, whereas prehistoric subsidence was about 3-4 feet (unpublished 1995
compilation of Curt D. Peterson; Figure A10). The Hyndman and Wang (1995) deformation may be valid for the
subduction zone from Cape Blanco south, where all four models considered here (Figures 4a, b, c and Figure A5)
predict cosaismic uplift (intersaeismic subsidence) at the coast, and where all four provide a poor match to the prehis-
toric data (Figure A10). Thereason for the mismatch in southern Oregon is that the prehistoric data supports at |east
some cosei smic subsidence there (Figure A10). For example, Kelsey and others (1993) found buried wetland soils
as far west as Cape Blanco. On the other hand, there are some areas with prehistoric uplift (Figure A10), and at
Cape Blanco, the 300-year event apparently caused no subsidence, even though a substantia tsunami sand was de-
posited in the Sixes River marsh (Curt D. Peterson, 1996, personal communication). It may be that the variations
are caused by changesin location of Cascadiarupture zone between earthquakes and by the effects of local struc-
tures. In any casg, thereis currently a substantia (4 mm/yr) geodeticly determined coastal uplift rate on the southern
Oregon coast (Goldfinger and others, 1992; Mitchell and others, 1994), which implies but does not prove that the
next earthquake would reverse this deformation (cosel smic subsidence).

The plate tectonic setting argues for narrowing of the locked zone from Cape Blanco south. A narrow locked zone
would be more consistent with the Hyndman and Wang (1995) model, based on the geodetic data. Cape Blanco is
where the Blanco Fracture Zone separates subducted oceanic plates much hotter to the south than to thenorth. A
hotter subducting plate will raise the temperature at the subduction zone, leading to a shallower, narrower locked
zone. The latter hypothesis was not, however, tested by therma modeling of the southern part of the subduction
zone in the Hyndman and Wang (1993; 1995) papers.

As demonstrated by the tsunami simulations of Models 2 and 3, narrower locked zones can cause higher tsunamis,
given similar fault dlip, so future work may lead to somewhat higher mapped run-up for the coast from Cape Blanco
south. Fortunately, this part of the coast is characterized by steep terrain which limitsinland inundation, so any
change in the horizontal location of the inundation lines on the current mapsislikely to be small.
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Figure A9. Comparison of the zero coseismic deformation boundary (zero isobase) determined
from buried wetland soils (short dashes) and from modeling of geodetic data by Hyndman and
Wang (1995, long dashed lines). Modified from Briggs (1994) and Peterson and Briggs (1992 ).

33



Match of Models to Buried Wetland Soil Data
18.0“'I"'i"'l"'lﬁ"'l"I"'Tf"

16.0 | ~ Model 1 (Whitmore, 1993) ]

140 ~ — Model 2 (Okada model of thermal data)

120 - O Model 3 (Okada model of wetland soil data) |

——- HW Model (Hyndman and Wang, 1993)
® Buried Wetland Sail Data

100 F
8O [
6.0 [
40 [
20
0.0
=i L
40 |
60 L
80 | g BV, .

12

Vertical Deformation (Feet)

0 470 480

oL

0 PP U G [ TR S U N ST T S R SR S S NN TR S S S
40.0 41.0 420 430 440 450 4
Degrees North Latitude

Figure A10. Coseismic deformation determined from buried wetland soil data versus models.
Data points are for matching geographic coordinates.
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SUMMARY AND RECOMMENDATIONS

The maximum tsunami run-up estimated by Model 2 issimilar to that of the preliminary HW model (extrapol ated
from deformation of Hyndman and Wang, 1993) and is areasonable inundation boundary for implementation of SB
379 (ORS 455.446 and 455.447). Futurerevision of the maps may produce somewhat higher run-up in Newport,
Waldport, and areas from Cape Blanco south. For evacuation and emergency planning, the sequence and timing of
arrival of tsunamis at the coast should be estimated from the time histories of Model 3, which most resemble those
of the HW model (see Appendix C).

The next step is to produce a three-dimensona dislocation moddl that simulates partial locking of the subduction
zone, resolves the difference between the Okada (1985) and HW simulation of coseismic uplift, and incorporates
rapidly evolving knowledge of coseismic deformation on the Cascadia subduction zone. When thisis accomplished,
amore accurate simulation of the tsunami hazard will be possible and revision of the inundation maps will be justi-
fied.
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APPENDIX B

MAXIMUM TSUNAMI RUN-UP ELEVATIONS AT THE OPEN COAST IN OREGON

The following charts show the maximum run-up elevations reached by each of the numerical simulations of Model
1, 2, and 3 during the 8 hours following a great subduction zone earthquake. The run-up without coseismic subsi-
dence but with tide at about 4 feet above mean sea level is plotted by |atitude al ong the open coastal shoreline.
Run-up devations used in mapping areas north of Florence were adjusted upward by adding a small amount of co-
seismic subsidence estimated from an unpublished 1995 compilation by C. D. Peterson of Portland State University.
Values of 0-1 feet were added from Florence to Waldport 1-2 feet from Waldport to Newport, 2-3 feet from New-
port to Siletz Bay, and 3-4 feet from Siletz Bay to the mouth of the Columbia River. These adjustments made only
minor differences in the mapped inundation.

Note that the run-up elevationsfor inland areas are not listed, because, with one exception, no accurate numerical
simulation of run-up was done for inland areas. The exception isthe Columbia River estuary whererun-up in the
vicinity of Warrenton was estimated to be approximately 9-10 feet (Mode 2) to 4-5 feet (Mode 3), decreasing to
about half these values at Astoria. Coseismic subsidence in these areasisin therange of 5-6 feet (unpublished data
of C. D. Peterson), which was added to the model run-up in order to map inundation. The run-up was generdly as-
sumed to be equal to the coseismic subsidence of about 5-7 feet from Tongue Point to Blind Slough, even though
little tsunami wave energy is likely to affect those areas.

Each chart presents the data at the open coast for asingle USGS 7.5’ topographic quadrangle. The quadrangletitle
isgiven at the top of the chart. USGS quadrangles have tick marks for each 2.5 minutes of latitude. In order to
make cross referencing between chart and quadrangle easy, the only latitude labels on the charts are these same 2.5
latitudes plus the | atitude at the south boundary of the quadrangle. The chart latitudes are given in decimal degrees
rather than degrees, minutes and seconds, as listed on the USGS quadrangles, so the actual latitude labels on the
charts will not ook like the ones on the quadrangles. Table B1 liststhe decimal equivalents of the minutes and sec-
onds of latitude that bound all 7.5 quadrangles. For example, the quadrangle whose southern boundary is at 44° 37’
30" would have a label at the origin of the equivalent chart of 44.625°. Tick marks on the sides of the quadrangle
would be labeled in increments of 2.5' (0.042°). The next quadrangle north would have as its southern boundary
44° 45’ (44.75°), etc.

Table B1. Decimal equivalents of minutes and seconds of latitude bounding 7.5 quadrangles.

USGS Quadrangle Boundary Decimal Degrees
52" 30" 0.875
45 0.750
37 30" 0.625
30 0.500
22 30" 0.375
15 0.250
7 30 0.125

36



[saaabap] apnine
80¢ 9v L91°9b G¢c F.wv

0S
€ I9pOoN O—DO NOLNIYYYM 3 TINVHAYND
< |12PON 0—@
I IPPON A—A

4] IS eAoqy JybBiaH arep

37



[seaibap] apnie

€80°9¢ croor ooo.oov

0S
€ ISPON O—1O : 1YHYYID :319NvEaYND
Zlepon o—o
L 1I9PO A—A

[3] 1SN eroay JUBRH aAeMm

38



[se@aibap] apniije

856°5v - LIe'SY : 5.8°Sy

0S

anwwﬁ o—0 QV3IH MOOWYTIIL :3ITONYHaYND
L IPPOIN A—A

(4] 1S @r0qy JUBIaH aAEM

39



tes

[saaibap] apnie
‘S |

¢6.L’St

— e e e e o o e e - — — — = —a e e m  m — a  om e e e s me

e = = — e o — — e e e = = — o

€ I°POW O—0
¢ I°PO —0
L I9PON A—A

0sL'sY

0

oL

(e ]
N
[4] 1S enoqy ybBieH anem

(=
3]

ov

0S

3dVI HOYY I TINVIQYND

40



[sea4bap] epmune

80.L°GY L99°SY mmw.m%

0s
¢ |opo o—=0 WITYHIN : 319NVHaYND
Z |opo o—e
L I9PON A—A

(1] 1SN oroqy 1yBlaH aaem

41



[saaibap] epnyien

£85°GY (A4 317 com.mov

_ 0S
€ ISPON O—1O . 1QTYgI4VD 1 319NVYaYAD
Z I°Pol —@
| 19POIN A—A

[u] 1S aroqy 1yBiaH anepm

42



[saaibap] sapniie

85y ab - LWSE ms.w_.

_ 0S
€ [9poN o—0 SIYVIIN 3T9NVYHAYAD
¢ 1SpoN o—o
I FPON A—A

[u] 1S aroqy WbBiaH arem

43



[saaibap] apnije]

332 32 4 AT AN omw.mov

0S
£ I°PON O—1 YT ANYS £ ITINYHAYND

¢ |I9PoN —@
I I9PON A—A

[3] 1S aroqy 1yBIsH aAem

L4y



[seaibap] apnine

g80c'st - L91'SY mN_..mwv

(4] 1S ercqy yBloH aaepp

— 08
€ I9PON O—1O AYE YDINLSIN :319NVHAYND
¢ |I°PON —@
{ |SPON A—A

45



[soai1b6ap] apninen
£80°S¥ - 2gvo'sy 000°SY

0s
€ I°PON O—A NIMOXSIN :3IT1ONVHAYAD

Z I°PPON 0—@
I 1I2PON A—4

(1] 1SN eAoqy 1YBIaY aaem

46



[saaibap] apninen

8S6°vY FARN 44 mhw._m.c

0
€ I9PON O—NO ALID NTODNIT :3T9NYHQYND
< ISpPON —@
| PO A—A

[H] IS an0qQYy JybBleH aaem

u7



[saaibap] apniie
EE8 b - T6LYY 0SL Yy

0S
Avg 30430 :379NVEavnd

€ IBPON O—0O
¢ l°popi o—o
L 19POIN A—A

(4] 1S aaoqy 1ybtaH anem

48



[saasbap] apnyen

80LtY 199t m«w.ﬁ.

(4] 1S aroqy WBiaH aAem

0s

€ |I°SPON O—1O : HLYON 1¥OdMIN :I319NVHAYND
Z I°PoN o—o

| {9PON A—A

49



[seaibap] spnine
€8S b S A 2 4 % 00S°vv

0l

o
N

o
(o]
[3] IS enoqy JyBroH anem

ov

0S

€ ISPON O—0 HLNOS LHOMIN :3TONYHAYND

clspone—e
L IPPON &A—=aA

50



[seaibap] apnije

85y v LIvby SLE°%¥

0S
£ 19PpOoN O—01 1H04A VM 31ONVHAYND
2 |IsponN o—8
L ISPOIN A——aA

[15] 1S sAoqy 1yBiaH aaem

51



EEE VY

[seaibap] apnine

AT 4

—_— e e e e e e - == 4

€ I9PO O—™>
¢ |1°po o—o
I 19PON A—A

0Scvy

0

0l

o
o~

(e ]
[ ]
[4] 1S anoqy 1ybiaH anem

ov

0S

SIVHOVA :379NYHOYND

52



[seaibap] apnijeq

goc'tvy JA: |44 T4 —.—mv

0s
¢ |[opoy o—-0 QYaH YL3DIH I TONVYAYAD
Z lspoy o—e
L 1I9POIN A—A

(4] 1S ar0qy yBIaH aAem

53



[saaib6ap] apninen
£80° v cvo'vy 000°vb

0s
€ I9PON 0—n 3V YIDUIW ¢ ITONVHAYND
Z |Ispol o—o
I IBPOIN A—A

[U] 1S anoqy YBIBH aaem

54



8S6°CY

[seai6ap] apnine

LIGEY

£ I9PO 0—1
< 19PoN —e
L IPPON A—A

GLB'EY

0

(1] 8

o
o™~

o
o

oy

05

UNLSYd 3S009 :ITINVEAYND

[4] 1S ar0qy 1yBlay aaem

55



[saaibap] apnine

€EB'EY ceL'ey cm\..muv

0s
£ ISPON D—1 NI34D HOLINTAHYL :379NYHOYND
¢ I9PCN o—@
I IBPON A—A

(4] 1S sroqy ybBiay saem

56



[soa1bap] apnifie]

80L°EY L99°EY mNo.m%

0S
€ I9PON 0—10 AVE YIISTHONIM :3T9NVY¥AYND
¢ PPON o—o
I I9POIN A—=A

[4] 1S sroqy JUBIaH aAem

57



[seaibap] apnie
£85°EY ety 00S°EY

0s
€ I3pON O——~0 3QISINYT I TINYHAYND
¢ lepoy o—o
I 1I9PON A—4A

(4] IS aroqy JyBleH aaem

58



[saaibap] apnine

EECEY (4T 4 omN.Wv
]

€ I8PON O—0
C ISPON 0—@
I ISPON A—A

0S
NOLSITYVHD Pue 09vdY 3d¥D :SITONVIOYND

[ul 1St aaoqy 1YyBiIaH aaem

59



[saa1bap] apnie
8st'ey LIVEY SLEED

0s
£ |PPON O—0 JYIdWI 2TONYHAYND
Z ISpoiN o—o
L ISPON A—A

[1] 1S ar0qy JuBIaH aaem

60



[sea1Bap] apnine
80C°EY - L9LEY GeL'ey

0S
€ |opop o—n SQ¥Y1INE 2 T9NVHQYND
¢ |I°poN —@

I [IOPON A—A

[4] 1Sw anoqvy ybioH anem

61



[seaibap] apmnen

£80°CY Zro'ey 000y

[B] 1S anoqy 1ybiaH anem

0s
€ |PPON O0—n NOONYE :3TONYHOYNRD
_N _onos_ *—o
I {9poly A—A

62



[s9a1bap] spnine

856"y ATy {7 mhw.wo#

0§

r]
€ ISPON O—Dn0 SIOT9NYT PUR 4V SYHOT4 SITONVHOVND

Z |ISPON o—@
l ISPOIN A——A

[4] 1S 2A0qy Jybiay anem

63



[seaibap] spnije

£E8CY - ZeLeY om\..woq

0S
€ 19PON O—0 0JNYT8 3dY) :3T9NVHaYND
¢ I9PON 0—@
L IBPON A—=A

[1] 1SW sA0qy IUBISH sABM

64



[saaiBap] apnuieq

80L ¢t - 1992y mwo.nmv

0s
040440 140d :3719NVHAYND

€ I9PON O—n
¢ |I°PON —@
I ISPON A——~A

(4] 1S aroqy WyBiDH aaem

65



[seaibap] apninen

[9: 10 cysey oom.ch

0s
€ |I°PON O—1O YIHdO 3 TONYYCYND

C I9PON —@
L ISPOIN A—2A

[4] 1SW anoqy 1yBisy aaem

66



Hmom._.moE apninen

8SY'2y Ly su2y

0s
€ I9PON O—1O HOY¥3g Q109 :319NvYaYNd
¢ |I°PON 0—@
L BPON A—A

1] ISW @rcqy yBleH anepm

67



[sea4Bap] apninte]

€eeey R4 T4 4 omw.mov

0s

€ ISPON o0—10 NVILSYE3IS 34V :3I1INVYavND
Z IspoN o—o
[ ISPON A—A

[u] TSI 9Acqy JUBIOH dABM

68



[soaibap] apnie]

8022t o loLey mup.m%

0s
€ ISPON O—1n 27TIAYILNI YYD PuUR INIOd YIVW *S3ITINVIAVND
Z 19pON 0—@
I ISPON A—A

[u] IS aroqy JybiaH saem

69



[sealbap] apminen

£€80°cy - Tvoey ooc.w%

0S
£ 19PONN O—1D ATIW3 INNOW PUe SONINOOYE :SITINVHAYND
¢ |I2PON o—@
I [OPOIN A—A

(1] 1S anoqy 1yBieH anem

70



APPENDIX C

TIME HISTORIES OF RUN-UP AT SELECTED SITES

The following charts show the general pattern and timing of 8 hours of tsunami waves for Models 2 and 3 at selected
sites, mainly population centers. The charts are arranged in a phabetical order as follows:

Astoria, Bandon, Brookings, Cape Blanco, Cannon Beach, Columbia River Mouth, Coos Bay Mouth, Depoe Bay,
Gold Beach, Nehaem Bay, Neskowin, Nestucca Bay, Netarts Bay, Newport, Otter Rock, Port Orford, Roads End,
Seaside, Siletz Bay (Lincoln City-Taft), Siudaw River (Horence), Tillamook Bay Mouth, Umpqua Bay Mouth
(Reedsport-Winchester Bay), Waldport, and Warrenton.

The absolute run-up elevations are not representative of dry land run-up, since the nature of the digital technique
used to produce the chartsrequires that the observation point for each chart be located offshore in an areathat is not
“dry” at any point in the simulation. _Thisleadsto generally lower absolute run-up than actual and anumber of high
frequency waves (lots of variation over afew minutes time) that will not be very important for actual inundation ob-
served at the shoreline. The absolute value of the run-up at zero minutes may be a negative or positive value, but
thisisan artifact of the numerical modeling technique and should not be used to infer actual run-up height being
suddenly high or low. It isthe pattern of waves and relative differences in the models that isimportant, not the ab-
solute values read on the vertical axis. The charts should be utilized to:

1.See the difference in the model s with respect to wave pattern, particularly during the first 10-15 minutes after the
earthquake. For example, Modd 2 produces falling water levels and Model 3 rising levelsimmediately after
the earthquake on the north coast.

2.Note that the first positive wave is higher when preceded by withdrawing versus rising water.
3.0Observe thetimeto arrival of the first positive tsunami wave.
4.0Observe how long significant wave activity persists.

The charts are presented to aid emergency planners to understand the time constraints for evacuation and recovery
after an undersea earthquake. Note that many of the time histories predict some modest flooding beginning even in
the first minute after the earthquake, particularly for Model 3 and for all models on the south coast. Asexplained in
Appendix A, thetimehistory for Model 3 may be the most likely scenario, even though the predicted maximum
wave height for Modd 3 is probably somewhat low relative to the maximum height of a likely scenario tsunami.
Therefore plan on an initial wave as high as Moddl 2 but arriving more like Moddl 3. Thismethod of planning is
the most conservative of life safety. Observation 2 above isimportant, since it isadirect way of anticipating a par-
ticularly high initial wave should rapidly withdrawing sea water be observed immediately after an earthquake.
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