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Abstract This paper explores the size and arrival of tsunamis in Oregon and Washington

from the most likely partial ruptures of the Cascadia subduction zone (CSZ) in order to

determine (1) how quickly tsunami height declines away from sources, (2) evacuation time

before significant inundation, and (3) extent of felt shaking that would trigger evacuation.

According to interpretations of offshore turbidite deposits, the most frequent partial rup-

tures are of the southern CSZ. Combined recurrence of ruptures extending *490 km from

Cape Mendocino, California, to Waldport, Oregon (segment C) and *320 km from Cape

Mendocino to Cape Blanco, Oregon (segment D), is *530 years. This recurrence is

similar to frequency of full-margin ruptures on the CSZ inferred from paleoseismic data

and to frequency of the largest distant tsunami sources threatening Washington and Ore-

gon, *Mw 9.2 earthquakes from the Gulf of Alaska. Simulated segment C and D ruptures
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produce relatively low-amplitude tsunamis north of source areas, even for extreme (20 m)

peak slip on segment C. More than *70 km north of segments C and D, the first tsunami

arrival at the 10-m water depth has an amplitude of\1.9 m. The largest waves are trapped

edge waves with amplitude B4.2 m that arrive C2 h after the earthquake. MM V–VI

shaking could trigger evacuation of educated populaces as far north as Newport, Oregon

for segment D events and Grays Harbor, Washington for segment C events. The NOAA

and local warning systems will be the only warning at greater distances from sources.
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Abbreviations
DOGAMI Oregon Department of Geology and Mineral Industries

CSZ Cascadia subduction zone

MHHW Mean higher high water

NOAA National Oceanic and Atmospheric Administration

1 Introduction

While it is well known that the large height and short time of arrival of tsunamis generated

by full-margin ruptures of the Cascadia subduction zone (CSZ) pose a major threat to

coastal communities in Oregon, Washington, and British Columbia (e.g., Atwater et al.

1995, 2005; Dragert and Hyndman 1995; Satake et al. 2003; Nelson et al. 2006; Priest et al.

2009, 2010; Witter et al. 2011), the threat from partial ruptures of the southern CSZ has

only recently been fully documented (Goldfinger et al. 2012). Evidence supporting a

*500-year average recurrence interval for great tsunamis comes from the 10,000-year

record of offshore turbidites (Goldfinger et al. 2012) that are inferred to be the deposits of

turbidity currents triggered by tsunamigenic Cascadia earthquakes. In addition to evidence

for 19 full-margin ([1,000-km-long) ruptures of the megathrust, Goldfinger et al. (2012)

also interpreted turbidites deposited offshore southern Cascadia as evidence for 22 shorter

ruptures extending 300–500 km north from the southern end of the CSZ at Cape Men-

docino (Fig. 1). From the southern Cascadia turbidite evidence, Goldfinger et al. (2012)

infer that 11 earthquakes ruptured *490 km of the megathrust (segment C) and 8 earth-

quakes ruptured *320 km of the megathrust (segment D) (Fig. 1). The average recurrence

of segment C and D ruptures, *530 years, is thus similar to the average recurrence of full-

margin events. This recurrence and the inferred segment ruptures are also consistent with

observations at Bradley Lake where tsunami deposits record Cascadia tsunamis that were

able to breach a persistent *6-m barrier over the last 4,600 years (Witter et al. 2012). It
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will be shown that segment-sourced tsunami wave heights of this investigation are con-

sistent with the observations at Bradley Lake.

The objective of this paper is to better understand potential impacts of tsunamis in

Oregon and Washington north of hypothetical ruptures of the southern Cascadia subduc-

tion zone. Key questions that will be addressed are the following:

1. How quickly does tsunami wave height decline north of segment C and D rupture

areas?

2. How much time do communities north of segment C and D rupture areas have to

evacuate before the first inundation and the largest inundation occur?

3. How far north of segment C and D rupture areas will felt shaking likely trigger

evacuation of a populace trained to evacuate for a local earthquake?

2 Previous work

Cherniawsky et al. (2007) simulated tsunami wave elevations and currents on Vancouver

Island from one full-margin CSZ rupture and two shorter segment ruptures named by

Satake et al. (2003): (a) long-narrow, (b) short-north and (c) short-south. Most relevant to

this study is the short-south source that extends 440 km northward from Cape Mendocino

at 40.5�N–44.3�N, roughly equivalent to segment C (Fig. 1). The short-south model used a

500-year slip deficit, producing 19-m slip in the full-slip zone of the megathrust. The

model linearly decreased the slip to zero halfway through a landward transition zone from

fully locked to stable sliding.

Cherniawsky et al. (2007) found that most wave energy flux from the short-south source

was directed east and west. The narrow ends of the source produced low-amplitude semi-

circular waves that moved north and northwest, arriving at the Juan de Fuca Strait 1 h and

20 min after the earthquake. The long sides of the source produced trapped edge waves that

moved north and arrived later, although no detailed time histories were given for the US

coast. Maximum wave elevations for the short-south scenario were on the order of *1 m

for most of the Oregon and Washington coast, but this estimate is based on a structured

computational grid with relatively coarse spacing of 1,530 9 1,100 m. Relative to more

refined grids, coarse grids such as this can have significant error for estimation of tsunami

elevation and inundation (Myers and Baptista 2001).

3 Methods

3.1 Cascadia earthquake sources

The CSZ segment ruptures for this study simulate segments C and D postulated by

Goldfinger et al. (2012) (Fig. 1). Modeled rupture lengths extend north from just north of

Cape Mendocino at 40.4�N to near Cape Blanco at 42.75�N (segment D) and to 44.5�N at

Newport, Oregon (segment C) (Fig. 1). Each segment boundary is roughly centered

between the north and south limits of uncertainty of the boundary from the Goldfinger et al.

(2012) turbidite data; this uncertainty is illustrated in Fig. 1 by the difference between the

red slip patches and the dashed lines. Slip was then tapered smoothly to zero at the

maximum limit of north–south positional uncertainty.
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Coseismic vertical surface deformation was simulated by integrating the point source

dislocation solution of Okada (1985) over the megathrust geometry of Witter et al. (2011).

Slip direction of the coseismic rupture is assumed to be exactly opposite of plate con-

vergence. Slip thus varies with latitude according to the plate convergence direction and

rate calculated from Euler vectors as explained in Wang et al. (2003). Fault rupture models

use the symmetrical down-dip slip distribution (q = 0.5) of Freund and Barnett (1976)

modified by Wang and He (2008) with equations given in Wang et al. (2013). This slip

distribution places peak slip near the continental shelf-slope break and tapers slip to zero

up dip and down dip. Peak slip is calculated as the product of the recurrence interval and

the local plate convergence rate based on the assumption that seismic coupling coefficient

equals 1.0 at the peak of the slip distribution. The down-dip limit of slip is the same

localities specified in Witter et al. (2011) and is constrained by earlier thermal modeling,

horizontal GPS measurements, and geological data; the up-dip limit is at the surface trace

of the CSZ and is based on the assumption of velocity strengthening behavior of the

shallowest part of the megathrust beneath the outer accretionary wedge (Wang and Hu

2006; Priest et al. 2010; Witter et al. 2011).

Tsunamis from three earthquakes were simulated: segment C using a slip deficit of 400

and 588 years (sources C400 and C588, Table 1) and segment D using a slip deficit of

200 years (source D200, Table 1). Slip deficits of 400 and 200 years approximate the mean

recurrence intervals of segment C and D ruptures, respectively, as inferred from turbidite

Table 1 Source parameters

Rupture
scenario

Length
(km)

Width
(km)a

Interevent
time (years)

Peak slip
(m)b

Mean
slip (m)c

Seismic moment
(1022 N m)d

Moment
magnitude
(Mw)e

C588 490 66 588 20.0 10 1.27 8.7

C400 490 66 400 13.6 7 0.86 8.6

D200 320 61 200 6.8 3 0.26 8.2

a Mean rupture width is calculated by dividing total rupture area by the listed rupture length
b Maximum slip estimates are the product of the recurrence interval times a convergence rate at southern
Oregon latitudes (34 mm year-1)
c Average slip estimate is 0.49 of maximum slip estimate
d Seismic moment (Mo) = fault area 9 slip 9 rigidity, where rigidity = 4 9 1010 N m-2

e Moment magnitude (Mw) = (log Mo - 9.1)/1.5

Fig. 1 Red areas depict hypothetical rupture patches of Cascadia subduction zone (CSZ) earthquakes over
the last *10,000 years inferred by Goldfinger et al. (2012) from marine and onshore paleoseismic data plus
geological and geophysical data. White line with triangles marks the CSZ deformation front also visible as
boundary between smooth to rough terrain. Numbers with ‘‘T’’ prefixes are offshore turbidite layers
correlated with each rupture patch and arranged with youngest at the top. White dashed lines are inferred
segment boundaries of CSZ ruptures designated segments A (full-margin rupture), B [rupture north to
Nehalem Bank (NB)], C [rupture north to Heceta Bank (HB)], and D [rupture north to Coquille Bank (CB)].
Northern extents of segment D events break into two groups, one terminating south of the Rogue submarine
canyon, indicated by dashed line. The second group extends north of Rogue but is not observed at Hydrate
Ridge (HR). Although presumed to extend no further south than the southern terminus of the CSZ at Cape
Mendocino, southern rupture limits are poorly known for all events indicated by query, limited by temporal
coverage of turbidites and probable non-seismic turbidites in the early Holocene. Uncertainty in the northern
extent of segments C and D are shown as the difference between the red patches and the black dashed lines.
In the map of segment A, mean return in years of CSZ earthquakes is listed at each latitude and is calculated
by dividing the number of turbidite layers into 10,000 years; minimum and maximum time intervals
between turbidites at each latitude is given in parentheses. Modified from Goldfinger et al. (2012)

b
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paleoseismology (Goldfinger et al. 2012). A slip deficit of 588 years produces a peak slip

of *20 m, which represents a maximum scenario analogous to the peak slip of the 2010

Mw 8.8 Maule, Chile earthquake (Delouis et al. 2010). The C400 and D200 models use

peak slips of 13.6 m and 6.8 m, respectively. Estimated moment magnitudes range from

Mw 8.2 to 8.7 (Table 1). These magnitudes fall between empirical estimates based on linear

regressions through modern seismic data of Blaser et al. (2010). Using their preferred

oceanic thrust (subduction zone) data, the inferred Mw from rupture width would be 7.9 for

D200 and 8.0 for C400 and C588; Mw for rupture length is 8.6 for D200 and 8.9 for C400

and C588.

3.2 Tsunami simulation

Vertical components of deformation from the three earthquake sources were used to set up

the initial water surface for tsunami simulations, assuming a short (10 s) initial constant

acceleration of the seafloor. Tsunami simulations used the hydrodynamic finite element

model SELFE (Semi-implicit Eulerian–Lagrangian Finite Element model) (Zhang and

Baptista 2008; Zhang et al. 2011). Algorithms used to solve the Navier–Stokes equations in

this model are computationally efficient and stable. SELFE passed all standard tsunami

benchmark tests (Zhang and Baptista 2008; Zhang 2012) and closely reproduced observed

inundation and flow depths of the 1964 Alaska tsunami in a trial at Cannon Beach (Priest

et al. 2010).

The unstructured finite element mesh was constructed by first compiling a digital ele-

vation model (DEM) covering the project area and then retrieving from the DEM eleva-

tions at a series of points defining a triangular irregular network (TIN). The DEM for the

regional simulations was compiled from the ETOPO1 1-arc-minute database (http://www.

ngdc.noaa.gov/mgg/global/global.html) of the National Geophysical Data Center supple-

mented in areas of dry land by 2009 LIght Detection and Ranging (LIDAR) data. All data

sets were adjusted to the North American Vertical Datum of 1988 (NAVD 88) (Zilkoski

et al. 1992) and WGS 84 map projection. Grid spacing for the regional simulations varied

from *3 to 5 km at the source to 50–70 m at the open coastal shoreline. The coastal

boundary simulates inland inundation by using fine resolution near the shoreline and dry

land (e.g., up to 100 m above assumed tide) and coarser resolution in the case of extreme

runup further inland. Each regional Cascadia simulation was run for 6 h of ‘‘tsunami

time.’’

All simulations were run at mean higher high water (MHHW) at the Port Orford,

Oregon tide gauge in southern Oregon, 2.07 m NAVD 1988; this value approximates the

mean high water (MHW) tidal level for northern Oregon and Washington, which lies about

0.2–0.3 m below MHHW. All simulations used a Manning Coefficient of zero (i.e., zero

bottom friction). Zero friction was assumed to add conservatism to hazard estimates by

minimizing tsunami travel times and maximizing wave height. Time histories for wave

elevations at water depths of 50 and 10 m were extracted approximately every 50 km

along the US coastline, although spacing was varied somewhat from 50 km to coincide

with major population centers (Fig. 2). Positive sea-level change above this MHHW tide is

here defined as the tsunami amplitude.

3.3 Extent of felt earthquake shaking

It is beyond the scope of this investigation to fully explore attenuation of seismic shaking

for the modeled CSZ events, so representative modern analogues to segment C and D

854 Nat Hazards (2014) 72:849–870
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ruptures will be used to determine approximate extent of felt shaking intensity from the

Modified Mercalli (MM) intensities listed on standard US Geological Survey Shakemaps.

The Maule, Chile, 2010 earthquake will be taken as representative of segment C, and the

Mw 8.4 Arequipa, Peru, earthquake will be the segment D analogue. Rupture length and

magnitude of these events are similar to the corresponding segment scenarios: Maule with

Mw of 8.8 and length of *430 km (US Geological Survey 2010) versus 490 km and Mw

8.6–8.7 for segment C, and Arequipa with length of *280-km and Mw of 8.4 (US Geo-

logical Survey 2001) versus 320 km and Mw 8.2 for segment D (Table 1).

4 Results

4.1 Cascadia earthquake deformation model

Maximum coseismic uplift from the two Cascadia source scenarios was 5 m for C588

(Fig. 3), 3.5 m for C400 (Fig. 4), and 1.7 m for D200 (Fig. 5). Maximum coseismic

subsidence was 3.6 m for C588, 2.5 m for C400, and 1.2 m for D200.

Fig. 2 Location of time history stations relative to northern and southern boundaries of CSZ segments C
and D from Fig. 1. In each pair of stations, the west station is at *50 m depth and the east station is at
*10 m depth. Tables 2 and 3 provide arrival time and height information for the stations at *10 m depth
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4.2 Tsunami wave amplitude

Due to the offshore patterns of subsidence for all sources (Figs. 3, 4, 5), time histories of wave

arrivals exhibit small leading depression waves north and south of Cape Blanco (Figs. 6 and 7).

But the most important phenomenon is the sharp decline in maximum amplitude north of each

source (Fig. 8; Tables 2 and 3). It is clear from the time histories at the *10-m isobath that

maximum tsunami wave amplitudes[70 km north of source areas were not from the initial

arrival but from later refracted edge waves traveling from the source areas (Figs. 6, 7). At

[70 km north of the sources, amplitudes of initial tsunami arrivals are\1 m for segment C

sources and\0.3 m for the segment D source (Figs. 6, 7; Tables 2 and 3), and peak arrivals

were B4.2 m for segment C and B*1 m for segment D (Figs. 6, 7, 8; Tables 2 and 3). Reversal

of the trend toward decreasing amplitude north of sources occurred at Long Beach, Washington

and Seaside, Oregon from probable bathymetric amplification (Fig. 8; Table 2).

The peak arrivals more than 70 km north of the source generally occurred more than 2 h

after the earthquakes (Figs. 6, 7; Tables 2 and 3). The variations at 0–70 km from the source

are illustrated by the southern three time histories in Figs. 6 and 7; from south to north, these

illustrate: (1) tsunami amplitudes at the source (Gold Beach), (2) the closest point to the

source where the first arrival is approximately half that of the source (i.e., Lincoln City for

C400 and C588 and Bandon for D200), and (3) the closest point to the source where the first

Fig. 3 C588 vertical coseismic deformation (1-m contours); positive numbers = uplift; negative
numbers = subsidence. Bold dashed lines are north and south limits of uncertainty in location of northern
boundary of Segment C from Goldfinger et al. (2012). Segment boundaries are those of Fig. 1
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arrival is less than later arrivals (i.e., Pacific City for C400 and C588 and the Winchester Bay

area for D200). The latter occurs only 70 km north of the sources where the first arrival is

B1.9 m for segment C sources and 0.2 m for the segment D source. At these same observation

points 70 km north of sources, maximum amplitudes of later arriving edge waves are B3.6 m

for the segment C sources and 0.4 m for the segment D source, but these peak values are

reached at *2.8 h after the earthquake for the former and *1.6 h for the latter (Figs. 6, 7;

Tables 2, 3). Initial arrivals reached the northernmost Washington coast *150 km north of

Grays Harbor 1.4 and 1.7 h after the segment C and D earthquakes, respectively (Figs. 6, 7;

Tables 2, 3); thus, mean velocities of the initial arrivals were on the order of 310–370 km/h.

Maximum tsunami wave amplitudes retrieved from the 50-m and 10-m isobaths are available

in digital file Max_tsunami_elevations_Priest_et_al.xlsx. Time history locations and data

retrieved from these same isobaths are available in digital file Time_histories_Priest_et_al.xlsx.

5 Discussion

5.1 Key findings

Tsunami simulations for hypothetical ruptures of southern segments of the CSZ, segments

C and D (Fig. 1) predict maximum open coastal wave amplitudes at 10-m water depth of

Fig. 4 C400 vertical coseismic deformation (0.5-m contours); positive numbers = uplift; negative
numbers = subsidence. Bold dashed lines are north and south limits of uncertainty in location of northern
boundary of segment C from Goldfinger et al. (2012)
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B4.2 m at [70 km north of segment ruptures (Figs. 6, 7, 8), even for an extreme earth-

quake (Mw 8.7) with peak slip of 20 m on segment C (C588, Fig. 8). Detailed simulations

of tsunami inundation in the Bandon, Oregon area (Witter et al. 2011) show that wave

amplitudes at 10-m water depth of this study are generally amplified by *10 percent at the

shoreline (0 m); Bandon has bathymetry similar to other Pacific Northwest beaches. While

tsunami amplitude generally decreases north of segment ruptures, anomalous increases in

amplitude at Long Beach, Washington and Seaside, Oregon, are probably caused by local

bathymetric amplification (Fig. 7).

Similar to findings of Cherniawsky et al. (2007), maximum wave amplitudes more than

70 km north of the segment ruptures are not from the first tsunami arrival but from

refracted edge waves striking C2 h after the earthquake (Figs. 6, 7; Tables 2, 3). Owing to

the narrow width relative to length of Cascadia ruptures (high aspect ratio), most tsunami

energy is directed perpendicular to the long axis of ruptures as is known from theoretical

studies (see Geist (1998) for summary); thus, first arrivals more than *70 km north of

segment C and D ruptures have amplitudes B1.9 m but do strike the entire Oregon and

Washington coast within 1.4–1.7 h of these earthquakes (Figs. 6, 7; Tables 2, 3). Slight

modification of amplitude can occur from dynamic propagation of ruptures (Geist 1998),

so these heights derived from static rupture models are only approximations. Splay faulting

in southern Cascadia sources, probably more likely for larger slip events like C588, could

Fig. 5 D200 vertical coseismic deformation (0.5-m contours); positive numbers = uplift; negative
numbers = subsidence. Bold dashed lines are north and south limits of uncertainty in location of northern
boundary of segment D from Goldfinger et al. (2012). Segment boundaries are those of Fig. 1
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also amplify tsunami amplitude at the open coast by up to *20 % for all slip partitioned to

a splay fault (Witter et al. 2011). In any case, the initial arrivals are unlikely to cause

inundation over widespread areas. However, the waves may endanger people on beaches

and low-lying coastal areas and create strong currents in ports and harbors.

North of these two CSZ segment ruptures, the resulting tsunamis are probably not larger

than the largest distant tsunamis. The largest historical distant tsunami was from the 1964 Mw

9.2 Prince William Sound earthquake that produced wave heights of 3–5 m (relative to mean

high water) on the northern Oregon coast (Schatz et al. 1964), but many of these observations

were from estuaries. Open coastal run-up for the 1964 tsunami was probably*6 m NAVD88

based on detailed field observations from Seaside, Oregon (González et al. 2009) and Cannon

Beach (Witter 2008). A similar but hypothetical Gulf of Alaska earthquake (Source 3 of

González et al. 2009) with larger uplift and better directivity toward the Pacific Northwest

coast produced maximum open coastal tsunami wave elevations*8–9 m above MHHW tide

at Cannon Beach (Priest et al. 2009, 2010) and *4 m above tide at Bandon, Oregon (Witter

et al. 2011). González et al. (2009) assigned a recurrence of 750 years to these large Gulf of

Alaska tsunamis, so these extreme distant tsunamis are probably no more frequent than the

combined 19 segment C and D ruptures over the last 10,000 years (recurrence of 526 years;

Fig. 6 C400 and C588 time histories of tsunami wave elevation relative to the MHHW model tide at
approximately the 10-m water depth. Bold labels on bold horizontal lines refer to the time of arrival of the
first tsunami wave peak at the 10-m water depth. Segment boundaries are those of Fig. 1
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Fig. 1; Goldfinger et al. 2012). Interestingly, these largest distant tsunamis are also no more

frequent than the 19 full-margin CSZ ruptures that occurred over the last 10,000 years

(Fig. 1; Goldfinger et al. 2012).

The National Oceanic and Atmospheric Administration (NOAA) tsunami warning

system and felt shaking in Oregon should trigger widespread evacuation, minimizing loss

of life to tsunamis north of segment ruptures on the CSZ. The West Coast and Alaska

Tsunami Warning Center normally issues warnings approximately 5 min after earthquake

occurrence (West Coast and Alaska Tsunami Warning Center 2013). Earthquakes of these

magnitudes would put the entire west coast into a tsunami warning, since projected wave

heights would certainly exceed the 1-m threshold. The warning system should not be

disabled by earthquake shaking in areas like northern Oregon and Washington that are

distant from CSZ segment source areas. An extreme segment earthquake such as the C588

scenario that approximates the Maule, Chile 2010 event, would have felt shaking similar to

that in Chile where Modified Mercalli (MM) intensities of V–VI (felt by almost everyone

to slight damage) occurred *250–300 km north and south of the rupture zone and felt

shaking extended at least 400 km (US Geological Survey 2010). Using the Mw 8.4

Arequipa, Peru earthquake as an analogue to a segment D event (US Geological Survey

2001), MM V–VI should extend *200 km north and south of the rupture and felt shaking

Fig. 7 D200 time histories of tsunami wave elevation relative to the MHHW model tide at approximately
the 10-m water depth. Bold labels on bold horizontal lines refer to the time of arrival of the first tsunami
wave peak at the 10-m water depth. Segment boundaries are those of Fig. 1
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at least 300 km. If these earthquakes are analogous to Cascadia events, then MM V–VI

shaking should extend as far north as *Grays Harbor, Washington for extreme segment C

events and to *Newport, Oregon for segment D earthquakes. Hopefully, the felt shaking

would trigger evacuation in and near source areas for a populace previously trained to

evacuate in the event of a local earthquake. The National Tsunami Hazard Mitigation

Program has, since 1997, supported vigorous education and outreach programs in Oregon,

Washington and California to instill in local populations the meaning of NOAA tsunami

warnings and the message that significant felt shaking should trigger evacuation from low-

lying areas.

Previous sensitivity studies suggest that radiation of tsunami energy south of the Cas-

cadia sources is as small as it is north. For example, Borrero (2006) demonstrated that

Cascadia ruptures with mean slip of 4–20 m produced tsunami wave heights B1.4 m at the

Golden Gate Bridge in San Francisco Bay (*400 km south of the CSZ).

5.2 Paleotsunami evidence at Bradley Lake

Correlations between offshore turbidites and tsunami deposits in Bradley Lake imply that

ruptures of Cascadia segment D (Fig. 5) rarely produced large tsunamis (Goldfinger et al.

Fig. 8 Maximum tsunami amplitudes at the 10-m water depth for simulations C588 (segment C, 588 years
of strain release), C400 (segment C, 400 years of strain release), and D200 (segment D, 200 years of strain
release). Segment boundaries are those of Fig. 1
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2012; Witter et al. 2012). Bradley Lake is a coastal lake near the northern end of segment

D, 4 km south of Bandon (Fig. 5). The lake has been in a geomorphic condition to

effectively capture and preserve Cascadia tsunami-deposited sands for the last

*4,600 years over which time mean recurrence of sand layers is 380–400 years (Kelsey

et al. 2005). This recurrence is essentially equal to the 300–380 years recurrence of

Cascadia earthquakes estimated by Goldfinger et al. (2012) from turbidites deposited in

segments A, B, and C that are directly offshore of Bradley Lake (Fig. 1, map A). If

segment D tsunamis could routinely reach the lake, then tsunami deposits would have a

recurrence closer to 220–240 years (Fig. 1, map A). In fact, the smallest thinnest segment

D turbidites (T2a, T6a, T6b, T7a, T8a or T8b, T9b, T12a, T14a, and T16a) are not

correlative with any of the Bradley Lake tsunami deposits (Goldfinger et al. 2012). These

data suggest that Cascadia ruptures directly offshore of the lake caused lake inundation

rather than tsunamis produced by segment D ruptures, probably because ruptures offshore

would be closer and would generate more coastal subsidence (Figs. 3, 4, 5). D200 wave

height above MHHW near the shoreline is only *1.7 m at Bradley Lake and coastal

subsidence *0.7 m. Tsunami simulations by Witter et al. (2012) showed that for tsunamis

to breach the 6-m lake outlet required [12–13 m (C360–400 years slip deficit) peak slip

on ruptures directly offshore for the AD 1700 landscape and [8–9 m ([260 years slip

deficit) for the most landward prehistoric shoreline. The 12–13 m peak slip at Bradley

-0.1
0.3

-0.30.5

-0.5
0.7

1.5

0.9

-0.9

1.1

1.7

124°0'0"W125°0'0"W

44°0'0"N

43°0'0"N

Reedsport

Cape Blanco

60 km0

S. Cascadia Cross Section

D200 Deformation (m)

Cross Section Location
South Cascadia

Vertical Exaggeration = 10

No Vertical Exaggeration

Tohoku across 2011 hypocenter

N. CascadiaN. Cascadia S. CascadiaS. Cascadia

2

4

6

8

250 200 150 100
0

km

Fig. 9 Comparison of continental slope of the Japan subduction zone at the hypocenter of the March 11,
2011 Tohoku earthquake to continental slope of the northern and southern Cascadia subduction zone (upper
diagrams). Lower map shows location of the southern Cascadia cross-section relative to vertical coseismic
deformation (0.2-m contours) for the D200 source; northern Cascadia cross-section is at the latitude of
Tillamook, Oregon (45.48�N) and shows the much lower continental slope typical of northern Oregon and
Washington. The subduction zone fault reaches the ocean floor at the base of the continental slope in each
cross-section
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Lake also matches the preferred coseismic slip model of Wang et al. (2013) based on

paleo-subsidence data from the AD 1700 Cascadia earthquake. Interestingly, AD 1700 slip

patch boundaries from the Wang et al. (2013) preferred model are very similar to the

segment boundaries inferred from turbidite data by Goldfinger et al. (2012). Goldfinger

et al. (2012) noted that the paleoseismic segment boundaries based on offshore data,

though uncertain, are also similar to those inferred by Boyarko (2010) for segmentation

patterns observed in Episodic Tremor and Slip (ETS) events along strike.

5.3 Could slip extend up dip and break the seafloor?

Extreme seaward skew of slip toward the deformation front significantly amplifies tsu-

namis relative to the Wang and He (2008) fault model used here (Priest et al. 2010). The

Wang and He (2008) model tapers slip seaward to the deformation front following the

velocity strengthening model so that coseismic ruptures do not break the seafloor and

coseismic slip is not skewed toward the trench, but there is some uncertainty about this

assumption. It is possible that, in the course of the evolution of pore fluid pressure dis-

tribution, parts of the up-dip segment at some subduction zones may occasionally become

moderately velocity-weakening, and when triggered to slip, acquire tsunamigenic rupture

speed, producing ‘‘tsunami earthquakes’’ with relatively high slip near the deformation

front, low felt shaking, and large tsunamis (Seno 2002; Wang and He 2008). While these

earthquakes may be possible on the CSZ, widespread occurrence of turbidites offshore

(e.g., Goldfinger et al. 2003, 2012) and liquefaction features onshore (Obermeier and

Dickenson 2000) are consistent with at least moderate coseismic ground motion over wide

areas for the vast majority of CSZ events.

Even if tsunami earthquakes are not common on the CSZ, this does not foreclose the

possibility of ‘‘runaway slip’’ events such as apparently occurred during the Mw 9.0 March

11, 2011 Tohoku earthquake, whereby extreme slip (*50–60 m) and extension of the

outer accretionary wedge was apparently triggered by a great earthquake farther down dip

(Tsuji et al. 2013). One of the prerequisites for such extensional deformation in the outer

accretionary wedge is a gravitationally unstable continental slope of *8� (Tsuji et al.

2013), essentially the same as the slope on much of the southern Cascadia margin (Fig. 9).

Although such events cannot be ruled out for full-margin *Mw 9.0 CSZ earthquakes, they

are probably less likely for segment events with much smaller magnitude and slip.

Priest et al. (2010) discussed uncertainty in the down-dip extent of coseismic ruptures

for sources analogous to those of this investigation. Because the down-dip part of

coseismic deformation is in either very shallow water or onshore, they found that geo-

logically reasonable variations in down-dip extent of the rupture had little effect on the

resulting tsunamis.

6 Conclusions

Segment ruptures on the southern CSZ pose a moderate threat to coastal populations more

than 70 km north of source areas, primarily from late-arriving refracted waves. Initial

waves arrive within 1.4–1.7 h of the earthquake along the entire Oregon and Washington

coasts and are of low amplitude (B1.9 m above tide), posing a danger to people on beaches

and producing strong currents in boat harbors. Later, refracted edge waves more than

70 km north of segment sources are B4.2 m above tide but arrive C2 h after the
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earthquake, so NOAA tsunami warnings should provide sufficient time for vulnerable

populations to evacuate. Segment ruptures will produce strong shaking proximal to sources

in southern Cascadia, which will be the only effective warning in southern Oregon and

northern California. Shaking should also be felt north of the segment ruptures in Oregon as

far north as Newport, Oregon for segment D and as far as Grays Harbor, Washington for

the largest earthquakes on segment C. This felt shaking should also trigger evacuation,

provided outreach programs have been effective. Offshore wave amplitudes for tsunamis

generated by southern segment ruptures of the CSZ more than 70 km north of source areas

should be somewhat smaller than the largest potential distant tsunamis and of similar or

more frequent recurrence. Further work should include analysis of tsunami currents,

because even 1–2-m-high tsunamis can produce strong currents that may heavily damage

ports and harbors (e.g., Cherniawsky et al. 2007; Dengler et al. 2008; Wilson et al. 2012).
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