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To update the tsunami hazard assessment method for 
Oregon, we (1) evaluate geologically reasonable vari-
ability of the earthquake rupture process on the Cas-
cadia megathrust, (2) compare those scenarios to geo-
logical and geophysical evidence for plate locking, (3) 
specify 25 deterministic earthquake sources, and (4) 
use the resulting vertical coseismic deformations as 
initial conditions for simulation of Cascadia tsunami 
inundation at Cannon Beach, Oregon. Because of the 
Cannon Beach focus, the north-south extent of source 
scenarios is limited to the region from Neah Bay, Wash-
ington to Florence, Oregon. We use the marine paleo-
seismic record to establish recurrence intervals from 
the 10,000-year event record and select representa-
tive coseismic slips from these data. Assumed slips on 
the megathrust are ~8 m (~300 years of convergence), 
~15 m (525 years of convergence), ~22 m (~750 years 
of convergence), and ~38 m (~1,300 years of conver-
gence) which, if the sources were extended to the entire 
Cascadia margin, give magnitude values that vary from 
approximately Mw = 8.3 to 9.3. Additional parameters 
explored by these scenarios characterize ruptures with 
a buried megathrust versus splay faulting, local versus 
regional slip patches, and a seaward skewed versus 
symmetrical slip distribution. By assigning variable 
weights to the 25 source scenarios using a logic tree 
approach, we derived percentile inundation lines that 
express the confidence level (percentage) that a Cas-
cadia tsunami will not exceed the line. Lines of 50, 70, 
90, and 99 percent confidence correspond to maximum 
runup of 9, 11, 16, and 30 m (North American Verti-
cal Datum of 1988 [NAVD 88]) where tsunamis were 
amplified by local topography; corresponding values 
without amplification were 8, 10, 13, and 20 m. The 

tsunami source with highest logic tree weight (pre-
ferred scenario) involved rupture of a splay fault with 
~15 m slip that produced tsunami inundation near the 
70 percent confidence line. The largest tsunami runup 
(99 percent confidence) was from 38 m slip partitioned 
to a splay fault. This type of extreme event is consid-
ered to be very rare, perhaps once in 10,000 years based 
on offshore paleoseismic evidence, but it can produce 
waves rivaling the 2004 Indian Ocean tsunami. Casca-
dia coseismic deformation most similar to the Indian 
Ocean earthquake produced generally smaller tsuna-
mis than at the Indian Ocean due mostly to the 1 km 
shallower water depth on the Cascadia margin. Mini-
mum inundation consistent with the inland extent of 
three Cascadia tsunami sand layers deposited east of 
Cannon Beach within the last 1,000 years was consis-
tent with at least ~14 to 15 m slip on the subduction 
zone (release of 500 to 530 years of plate motion). How-
ever, only 200 to 400 years separates four turbidites 
deposited over the last 1000 to 1200 years when all tur-
bidites, even a very small volume event, T2, were used 
to calculate potential coseismic slip. Leaving out T2 
provided agreement between minimum coseismic slip 
and slip inferred from turbidite ages. Inundation from 
distant tsunami sources was assessed by simulation of 
only two Mw 9.2 earthquakes in the Gulf of Alaska, a 
hypothetical maximum considered event developed by 
the Tsunami Pilot Study Working Group (2006) and 
the historical maximum, the tsunami from the 1964 
Prince William Sound earthquake. Maximum runups 
were, respectively, 12.4 m and 8.2 m at two points, but 
maxima along most of the shoreline were ~1 m lower 
than these two values.

ABSTRACT
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OBJECTIVES AND INTENDED AUDIENCE FOR THE 
REPORT

Tsunami runup on the order of 30 to 35 m near the 
epicenter of the great Sumatra–Andaman Islands 
earthquake of December 26, 2004 (Tsuji and others, 
2005) and geologic similarities between the Cascadia 
subduction zone and the Sunda-Andaman subduction 
zone (Dengler, 2006; Goldfinger and McNeill, 2006) 
prompted the questions: Could local tsunamis of this 
size be generated by the Cascadia subduction zone? 

Can the wealth of new data from the 2004 earthquake 
and recent studies of Cascadia help us improve the 
assessment of local tsunami hazard? An ancillary ques-
tion is how large is the hazard posed by distant tsuna-
mis? This paper addresses the Cascadia tsunami hazard 
through comprehensive earthquake source character-
ization of the north-central Cascadia subduction zone 
combined with numerical simulations of tsunami inun-
dation at Cannon Beach, Oregon (Figure 1). Cannon 
Beach was chosen for its relatively small size, variety of 
topography, rich record of Cascadia tsunami deposits, 

INTRODUCTION

Figure 1. Location of the Cannon Beach study area (right panel) relative to major offshore tectonic plates and plate boundaries 
(left panel). Small white triangles mark the Cascadia subduction zone megathrust; large black triangles mark a splay fault used 
for tsunami simulations; solid black rectangle is the map area of Figure 8; white circles with crosses are core sites for turbidite 
data of Table 1. Dashed line in left panel is the portion of the Cascadia subduction zone simulated for coseismic deformation. 
FZ = Fracture Zone; SZ = subduction zone.
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and detailed historical observations of tsunami inun-
dation from the 1964 tsunami generated by the Prince 
William Sound earthquake in the Gulf of Alaska. The 
ultimate objective was development of a cost-effective, 
improved approach for tsunami hazard assessment of 
the Oregon coast by the Oregon Department of Geol-
ogy and Mineral Industries (DOGAMI). This work 
is being complemented by a similar investigation of 
the southern Cascadia margin centered on the Brad-
ley Lake-Bandon area where a similarly rich record of 
paleotsunami deposits exists. When complete, the two 
investigations will provide a powerful, quantitative 
framework for estimation of tsunami hazards.

The intended audience of this report is scientists 
and engineers who wish to understand the approach. 
Digital data and documentation provided with the 
report empower technical users to do a similar tsunami 
hazard assessment within the central part of the area 
simulated for Cascadia coseismic deformation (dashed 
line in Figure 1).

LARGEST HISTORICAL TSUNAMI

Satake and others (2003) inferred from historical 
records in Japan that the Cascadia subduction zone 
produced a trans-Pacific tsunami that caused destruc-
tion in Japan in AD 1700. They estimated that the earth-
quake most likely had a moment magnitude of ~9.0 and 
~19 m of coseismic slip on an offshore, full-slip zone 
1,100 km long. Numerous paleoseismic investigations 
have verified that this event and ~19 to 20 other earth-
quakes occurred on the northern part of the Cascadia 
subduction zone over the last 10,000 years (Atwater 
and others, 1995; Goldfinger and others, 2003a, 2003b, 
2008, 2009). Holocene recurrence along the northern 
Cascadia margin is on average ~500 years (Goldfinger 
and others, 2008, 2009).

The largest historical tsunami produced by a distant 
source struck March 28, 1964, reaching Cannon Beach 
approximately 4 hours after the Mw 9.2 Prince William 
Sound earthquake in the Gulf of Alaska. The tsunami 
flooded parts of downtown Cannon Beach, floated a 
building from its foundation, and destroyed a bridge 
(Figure 2).

APPROACH

In this investigation we test a new multi-deterministic 
approach for evaluation of tsunami hazards. For local 
Cascadia subduction zone earthquakes, we use new 
geologic data on the subduction zone and new under-
standings of size and frequency of earthquakes from 
the offshore turbidite record, supported by the exten-
sive but shorter land paleoseismic record (Goldfinger 
and others, 2003a, 2003b, 2008, 2009; new interpreta-
tions in this paper) to construct plausible sources for 
tsunamis affecting Washington and northern Oregon 
(Figure 1). A key assumption is that time intervals 
between earthquakes can be directly translated into a 
record of variable slip on the Cascadia megathrust. We 
then use the paleoseismic record to pick four represen-
tative slip magnitudes for a parametric analysis of the 
effect of slip distribution on vertical coseismic defor-
mation of the North American Plate.

These coseismic deformation scenarios serve as the 
initial conditions for simulation of tsunami propaga-
tion and inundation using a new but carefully bench-
marked tsunami code, SELFE [a semi-implicit Eule-
rian–Lagrangian finite-element model for cross-scale 
ocean circulation] (Zhang and Baptista, 2008). After 
weighting each tsunami scenario through a logic tree, 
the resulting inundations are depicted on maps in 
terms of percent confidence that a local Cascadia tsu-
nami will reach no farther inland than each boundary 
line. In effect, the maps represent the spatial distribu-
tion of hazard posed by a tsunami from an Mw 8.3 to 
9.3 Cascadia megathrust earthquake with a recurrence 
of ~500 years. The probability of an earthquake along 
the north-central Cascadia margin capable of trigger-
ing a tsunami in the next 50 years is 10 to 14 percent 
based on 3,500 years of paleoseismic record in coastal 
marshes (Petersen and others, 2002) or 7 to 9 percent 
based on the 10,000-year turbidite record (Goldfin-
ger and others, 2009). This approach is a robust way 
of depicting tsunami hazard dominated by a large local 
earthquake source like Cascadia.

We examine the hazard from distant tsunamis only 
for extreme cases, as these tsunamis are relatively 
small, even for Mw ~9 earthquakes, and have done only 
modest damage to the Oregon and Washington coasts 
(see, e.g., data compiled by Lander and Lockridge, 
1989). We explore the largest historic event, the 1964 
Alaska tsunami, and a hypothetical maximum con-
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sidered event from the Gulf of Alaska taken from the 
Tsunami Pilot Study Working Group (TPSW) (2006) 
investigation of Seaside, Oregon (Figure 1).

Comparison of simulations to observations served 
as a quality check. Simulated Cascadia inundation and 
coseismic deformation were compared to paleoseismic 
estimates. Standard hydrodynamic benchmark testing 
(Zhang and Baptista, 2008) and comparison of simu-
lated flow depth and inundation from the 1964 Alaska 
tsunami to observations assessed the accuracy of the 
numerical model, SELFE, and model inputs.

GENERAL FINDINGS 

We find that largest Cascadia tsunami inundation and 
runup exceed previous estimates for State of Oregon-
sponsored assessments. This finding results from con-
sideration of a broader range of slip for prehistoric 
Cascadia subduction zone earthquakes consistent with 
turbidite recurrence as a proxy for earthquake recur-
rence. Larger coseismic deformation in the current 
source scenarios results from more realistic slip distri-
butions that concentrate slip instead of distributing it 

 

Figure 2. Photographs showing the impact of the 1964 Alaska tsunami (courtesy of the Cannon Beach Historical Society). 
(A) Oblique aerial photograph of the lower Elk Creek valley (now Ecola Creek) that flows through downtown Cannon Beach. 
Decking from the old Elk Creek bridge was torn from its abutments and transported 300 m upstream. A foundation in the lower 
part of the photo marks the original position of a house that was carried 400 m upstream and deposited between the bridge 
sections. (B) View to the northwest across Elk Creek showing bridge pilings and piers, all that remain after the tsunami destroyed 
the Elk Creek bridge in 1964. Bell Harbor Motel can be seen in the distance across the creek. (C) Bell Harbor Motel suffered 
considerable damage from flooding during the tsunami, including broken windows, water damage, and destruction caused by 
drift logs. The roof of a different building was left in the front yard of the motel after being carried several hundred yards by the 
waves. (D) View to the southeast looking across Elk Creek at the bridge remains and house transported hundreds of meters inland 
by the tsunami. Figure is from Witter (2008).
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uniformly as in most previous studies. We detail why 
the resulting variability in tsunami inundation is best 
depicted as isolines of percent confidence that tsunami 
flooding will be less than each isoline. We show the 
advantages of a multi-deterministic approach for esti-
mation of tsunami hazard dominated by a large local 
tsunami source with high uncertainty in the geometry 

of the coseismic deformation. We found that it is pos-
sible for the Cascadia subduction zone to generate tsu-
namis nearly as large as the one that struck Sumatra in 
December 2004, although this would be an extremely 
rare event. We also explore the hazard posed by a theo-
retical maximum considered tsunami from the Gulf of 
Alaska that rivals some Cascadia tsunami scenarios.

Unlike previous studies of Cascadia tsunami hazard 
(Hebenstreit and Murty, 1989; Ng and others, 1990; 
Preuss and Hebenstreit, 1998; Priest, 1995a; Priest and 
others, 1997, 1998, 1999a, 1999b, 2000a, 2000b, 2004, 
2007; TPSW, 2006; Walsh and others, 2000; Whitmore, 
1993; see also review by Mofjeld and others, 1999), 
this investigation evaluates many Cascadia earthquake 
sources using a logic tree to systematically explore a 
wide spectrum of geologically reasonable variations in 
source parameters. For example, the most sophisticated 
previous study, the TPSW (2006) investigation, used 12 
variations in slip distribution but only one earthquake 
magnitude, albeit one that was derived from observa-
tional data of the AD 1700 tsunami impact in Japan. We 
found from analysis of turbidite and other paleoseismic 
data that Cascadia earthquake magnitude likely varied 
widely from that of AD 1700; hence, we investigated 
source models with four different estimates of slip. 
Like previous investigations, we model one regional 
locked width for the Cascadia subduction zone based 
on geophysical, geodetic, and geologic data, but we also 
explore additional locked widths that vary from this 
regional pattern, concentrating slip under submarine 
structural highs or forearc basins. Unlike most previ-
ous studies, we also explore the effect of slip partition-
ing from the mega-thrust to a mapped splay fault.

Slip distributions used in this investigation were 
developed following the method of Wang and He 
(2008) and differ markedly from previous work. Previ-
ous tsunami hazard assessments by the State of Oregon 
(e.g., Priest and others, 1997, 1998, 1999a, 1999b, 
2000a, 2000b, 2002, 2004) have for the most part simu-
lated three Cascadia earthquake sources, two using 
uniform slip and one maximum event using a Gauss-
ian uplift patterned after uplift at the largest asperity 
inferred from seismic data on the 1964 Prince William 
Sound earthquake. The Gaussian uplift was added to 

the largest of the two uniform slip scenarios to attain a 
peak uplift of about 6 m centered roughly on the con-
tinental shelf-slope break. Tsunami inundation maps 
for the coast of southern Washington were prepared 
using a similar Gaussian source model (Walsh and 
others, 2000) and using a simplified source by Preuss 
and Hebenstreit (1998). All of these investigations used 
the Okada (1985) fault dislocation model that we also 
use but only to simulate uniform slip. Geist and Yosh-
ioka (1996) also used uniform slip models to examine 
the effect that variations in earthquake source parame-
ters have on Cascadia tsunamis. Geist (2005) examined 
various types of uncertainties in Cascadia earthquake 
sources for an investigation aimed at a probabilis-
tic tsunami hazard assessment for Seaside, Oregon 
(TPSW, 2006). Geist (2005) concluded from global data 
on subduction zones (Thatcher, 1990; Boyd and others, 
1995) that most uncertainty is irreducible and inherent 
to the rupture process. He emphasized the need to use 
distributed slip models to avoid underestimating tsu-
nami amplitude and wave steepness. These conclusions 
were the foundation for a stochastic analysis of Casca-
dia tsunami sources for a probabilistic tsunami hazard 
assessment at Seaside, Oregon (TPSW, 2006). TPSW 
varied slip randomly within a zone on the megathrust 
consistent with the ”long-wide” model of Satake and 
others (2003) while maintaining a constant moment 
magnitude of ~9. The 19 m of uniform slip used in the 
Satake and others (2003) model produced much smaller 
maximum uplift than the magnitude ~9 earthquakes in 
the stochastic slip models of the TPSW (2006). The sto-
chastic slip models placed large amounts of slip in small 
patches of the updip portion of the megathrust in order 
to maintain a constant moment while still abiding by 
the seaward skew of slip inherent in the distributed slip 
assumption. The net effect was that all 12 of the TPSW 
sources simulated earthquakes with slip much larger 

RELATIONSHIP TO PREVIOUS TSUNAMI MODELING STUDIES
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than 19 m in patches mostly along a narrow, ~30-km-
wide zone, near the trench. The resulting high slip 
gradients and uplifts in deep water generally produce 
larger local tsunamis than do scenarios with uniform 
slip or the slip distributions used in this investigation. 
Most previous investigations focused on the Cascadia 
tsunami hazard as does this investigation; one excep-
tion is the TPSW (2006) study that explored 14 distant 
sources. The probabilistic tsunami hazard assessment 

of the TPSW (2006) at Seaside demonstrated that all 
but the most extreme distant sources pose little threat 
to the nearby town of Seaside, Oregon; hence, our deci-
sion to explore only a maximum teletsunami of the 
TPSW (their Gulf of Alaska source 3) and the largest 
historic teletsunami, the 1964 tsunami from the Prince 
William Sound earthquake (source parameters from 
Johnson and others [1996]). 

METHODS

The main objective of this investigation is assessment 
of the serious hazard posed by tsunamis from the Cas-
cadia subduction zone We first thoroughly explore the 
geological constraints on the megathrust slip, locked 
width of the subduction zone, potential slip patches, 
and location of a master splay fault. We then explain 
how this information is used to create fault disloca-
tion scenarios and Cascadia tsunami simulations. To 
address the ancillary objective of assessment of the dis-
tant tsunami hazard, we briefly describe two determin-
istic sources that in the judgment of the scientific team 
are near worst-case events for far-field earthquakes. 
Methods for ground truth check of simulations is the 
final topic in this section.

GEOLOGICAL CONSTRAINTS ON CASCADIA 
EARTHQUAKE SOURCE PARAMETERS

Paleoseismicity and Recurrence Model
Paleoseismicity in Cascadia has been investigated 

using a variety of methods both onshore and offshore. 
In this project we establish Cascadia earthquake recur-
rence using best-fitting mean ages for the central Cas-
cadia margin for offshore and onshore events. Onshore, 
geologic evidence of subsided marshes buried by tsu-
nami deposits are ubiquitous and have been investigat-
ed with varying degrees of success at virtually every bay 
and estuary along the Oregon, Washington, and north-
ern California coast. Offshore, we use turbidite ages and 
data from Goldfinger and others (2003a, 2003b, 2008, 
2009). The onshore paleoseismic record along the cen-
tral margin extends to ~3,700 years BP (e.g., Atwater 
and others, 2004), while offshore data extend reliably 
to ~10,000 years (Goldfinger and others, 2008, 2009).

OFFSHORE TURBIDITE RECORD

The Holocene turbidite stratigraphy of submarine 
channels along the Cascadia margin (Figure 3) includes 
Mazama ash from the eruption of Mount Mazama 
forming Crater Lake, Oregon (Nelson and others, 1988). 
This marker bed allows correlation and age calibration 
of the turbidite record. The calendrical age of the erup-
tion of Mount Mazama has recently been re-dated at 
7,627± 150 cal. yr BP from the GISP-2 ice core (Zdano-
wicz and others, 1999). The Mount Mazama eruption 
airfall was distributed northeastward from southern 
Oregon mainly over the Columbia drainage and some 
of the coastal rivers. It is also found in the Puget low-
land, British Columbia (Hallett and others, 1997), and 
in inlets on the west coast of Vancouver Island (Dalli-
more and others, 2005). From these rivers, Mazama ash 
was transported to temporary depocenters in canyon 
heads of the Cascadia continental margin, much as 
Mount St. Helens ash was transported following the 
1980 eruption (Nelson and others, 1988). Subsequent 
turbidity currents transported the ash into Cascadia 
Basin canyon and channel floor depocenters. 

Using the Mazama marker bed, 14C ages, and strati-
graphic correlation, the offshore turbidite record has 
been demonstrated to be largely if not entirely com-
posed of synchronous turbidites; 19 of these are margin 
wide, while others span shorter segments along south-
ern Cascadia (Adams, 1990; Goldfinger and others, 
2003a, 2003b, 2008, 2009). The synchroneity of the 
~10,000-year turbidite event record for 500 km along 
the northern half of the Cascadia Subduction Zone is 
best explained by triggering by great earthquakes. The 
average recurrence interval for long ruptures is ~500 
years based on isotopic age data and thickness of hemi-
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Figure 3. Cascadia margin turbidite canyons, channels, and 1999 and 2002 core locations. Major canyon/channel systems are outlined in 
blue. Bathymetric grid constructed from multibeam data collected in 1999, Gorda Plate swath bathymetry collected in 1997 (Dziak and 
others, 2001), and archival data available from the National Geophysical Data Center (NGDC). Primary core sites are shown with yellow 
rims; all other 1999 and 2002 cores are grey. (B) Synchroneity test at a channel confluence as applied where Washington channels merge 
into the Cascadia Deep Sea Channel, indicated by green box. The number of events downstream should be the sum of events in the 
tributaries, unless the turbidity currents were triggered simultaneously. Dashed line is location of the detailed map of Figure 8; line with 
triangles marks an inferred splay fault separating Pleistocene and Tertiary material of the accretionary wedge.
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pelagic sediment deposited between turbidite beds 
(Goldfinger and others, 2008, 2009).

Offshore data can be used to correlate individual 
events between sites based on accepted subsurface log 
correlation techniques. The correlation is done using 
primarily magnetic susceptibility and gamma density, 
much as electronic logs are correlated in the oil indus-
try (McCubbin, 1982; Lovlie and van Veen, 1995). Phys-
ical property correlations of this type are also common 
practice with academic, Ocean Drilling Program 
(ODP), and Integrated Ocean Drilling Program (IODP) 
cores (e.g., Fukuma, 1998) and have recently come into 
use for paleoseismology (i.e., Abdelayem and others, 
2004; Karlin and others, 2004; St-Onge and others, 
2004; Hagstrum and others, 2004; Iwaki and others, 
2004; Schnellman and others, 2002). In this context, 
magnetic susceptibility and density traces are proxies 
for grain size distribution, and therefore depositional 
history of each turbidite (Goldfinger and others, 2007a, 
2008, 2009). The correlated signatures are composed of 
stacked coarse sand pulses that exhibit magnetic sus-
ceptibility, density, and grain size trends within each 
event that are closely correlated. This is straightforward 
but important because we can use in most cases the 
high-resolution density and magnetic data as grain size 

proxies, at least for lithologies along the Cascadia and 
northern San Andreas fault systems (Goldfinger and 
others, 2007a, 2008). In addition to local site correla-
tion, Goldfinger and others (2008) have found that it 
is possible to correlate unique physical property signa-
tures of individual turbidites from different sites within 
individual channels. This relationship suggests that the 
processes controlling deposition of the turbidite main-
tain consistency for some considerable distance within 
a channel. They have also found it possible to correlate 
event signatures not only down individual channels and 
past confluences but between channel systems separat-
ed by considerable distance, some of which never meet 
(Goldfinger and others, 2007a, 2008). These turbidite 
“fingerprints” form the basis of long-distance correla-
tions and are beginning to be recognized and used for 
regional correlation (e.g., Lake Baikal [Lees and others, 
1998]; off Morocco [Wynn and others, 2002]; Casca-
dia [Goldfinger and others, 2003a]; Laptev Sea in the 
Russian Arctic [Rivera and others, 2006]). Recently, 
the “event signatures” of Cascadia turbidites have been 
linked to coastal fjord records on Vancouver Island 
(Goldfinger and others, 2009; Dallimore and others, 
2005). Goldfinger and others (2006a, 2006b, 2007a, 
2007b, 2008, 2009) report detailed stratigraphic cor-

Figure 4. Four panels showing preliminary rupture modes identified using turbidite correlation of Goldfinger and others (2008) for 
a ~3,000-year period; additional events for the last ~10,000 years are described by Goldfinger and others (2009). (A) Full rupture, 
represented at all sites by seven events. (B) Mid-southern rupture, represented at all sites as far south as 40.7° N by five events.  
(C) Southern rupture from central Oregon southward to at least 41° N, represented by one event. (D) Southern Oregon/northern California 
events, represented by one event. Rupture terminations appear to occur at three forearc structural uplifts: Nehalem Bank (NB), Heceta 
Bank (HB), and Coquille Bank (CB). Latitudinal boundaries of episodic tremor and slip (ETS) events proposed for the downdip subduction 
interface (Brudzinski and Allen, 2007) are shown by white dashed lines. Figure is taken from Goldfinger and others (2008).
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relations and use them to evaluate rupture lengths of 
Cascadia paleoearthquakes (Figure 4); a brief summary 
is included here. 

On close inspection of physical property logs, Gold-
finger and others (2008, 2009) sometimes see remark-
able similarities between correlative turbidites that 
are separated by as much as 500 km (Cascadia) and 
280 km (northern San Andreas fault). Figure 5 shows 
several typical examples of correlative events in detail 
along strike over a distance of 280 km. They see a gen-
eral correspondence of relative turbidite size downcore 
that is reflected in separate channels, as well as correla-
tive details such as the number of coarse sandy pulses 
(density and magnetic peaks). The correlation of these 
signatures indicates that the integrity of the signatures, 
and thus the pattern of coarse fraction deposition, is 
maintained to some extent over time and distance 
during the sediment transport process of the turbidity 
current. 

The fact that turbidites correlate over large distanc-
es is strong evidence that the turbidity currents were 
earthquake generated and is robust regardless of the 
reasons for the correlation (Goldfinger and others, 
2003a, 2007a, 2008, 2009). Japanese investigators have 
similarly shown that the only plausible mechanism for 
multiple, simultaneous, regional landslide triggering 
is an earthquake (Shiki and others, 2000). Goldfinger 
and others (2007a, 2008, 2009) conclude that the physi-
cal property signatures most likely record the shaking 
signal imparted to the sediment failure region by the 
earthquake itself; in effect, the physical property signa-
tures are crude paleoseismograms. As such, the earth-
quake may impart some information about magnitude, 
source character, or aftershocks to the depositional his-
tory of each turbidite (Goldfinger and others, 2007a, 
2008). This is an observation used in the next section. 

When we consider all offshore paleoseismic data, the 
along-strike correlations described above, and relevant 
high-precision onshore data, including those of Witter 
(2008), we infer that the northern and central Casca-
dia margin records a minimum of 19 Holocene earth-
quakes that are correlated between multiple sites and 
thus define a maximum average late Holocene recur-
rence interval for the central margin of ~530 years. 
The combined stratigraphic correlations, hemipelagic 
analysis, and 14C framework for the entire margin sug-
gest that the Cascadia subduction zone effectively has 

four rupture modes during the Holocene: 19 long rup-
tures with variable southern limits (some of which are 
imposed by data availability); two ruptures comprising 
the southern 60 percent of the margin, and 18 smaller 
southern margin ruptures during the Holocene that 
have variable northern and southern limits (Goldfin-
ger and others, 2008, 2009). There is some uncertainty 
as to the northern limits of some of these events. One 
of the large southern ruptures (T10f) and two of the 
smaller ones (T5b and T9a) may reach the latitude of 
Cannon Beach. We assume that at least one of these 
(T5b) reaches Cannon Beach and therefore use 20 
events here to determine local interseismic intervals 
and calculate the local earthquake recurrence of ~500 
years (Table 1). Erring on the side of caution, we cal-
culate slip for a maximum considered Cascadia event 
from the maximum recurrence of the 19 full margin 
events (i.e., excluding event T5b) plus the 2σ error in 
age data. This maximum interval is between events T5 
and T6 and equals ~1,300 years, once 2σ error is added. 
In this investigation, we also do not consider the small-
er more distant southern Oregon events. The study site 
at Cannon Beach is located north of inferred south-
ern Oregon segment ruptures (Goldfinger and others, 
2008) and would not be expected to experience signifi-
cant tsunamis from such events, given the directivity of 
tsunami energy away from the long axes of subduction 
zone ruptures (Titov and others, 1999). One caveat is 
the conclusion of Myers (1999) that tsunami energy is 
more efficiently radiated north from southern segment 
ruptures than toward the south from northern seg-
ment ruptures. We also do not consider tsunamis from 
sources within the Gorda Plate, along the Northern San 
Andreas Fault, or Queen Charlotte strike slip faults, 
because these sources are unlikely to have large enough 
vertical displacement to create significant tsunamis.

Considering the 19 events that have affected the 
entire northern and central Oregon margin during 
the Holocene, the average repeat time these events is 
~530 years (versus ~500 years at Cannon Beach), with 
a minimum repeat time of ~160 years, and a maximum 
repeat time of ~1,000 years. The events also appear to 
cluster in time, including a cluster comprising the last 
four events averaging only ~350 years between events. 
The three tsunami sand layers mapped at Cannon 
Beach by Witter (2008) have ages overlapping this clus-
ter of events.
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Figure 5. Correlation details from two representative pairs of cores on the Cascadia margin. (A) Events 8 to 11 in cores from Juan de Fuca 
Channel (left) and Cascadia Channel (right). Left traces are raw gamma density; right traces are magnetic susceptibility. Lithologic logs 
are also shown. Note correspondence of size, spacing, number of peaks, and trends of physical property traces between these cores. (B) 
Events T10 to T14 in Juan de Fuca Channel (left) and T10d to T14 in Rogue Channel (right). Panel A cores are part of the same channel 
system; distance = 475 km. Panel B cores are in channels that do not meet; distance = 500 km. Detailed stratigraphic correlations are 
used to evaluate rupture lengths of Cascadia paleoearthquakes, and a brief summary is included here. The methods for both earthquake 
determination and stratigraphic correlation are given by Goldfinger and others (2007a, 2008, 2009). 

A B
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CASCADIA MEGATHRUST SLIP INFERRED FROM 
OFFSHORE TURBIDITES

The single largest variable in computing tsunamis is the 
slip magnitude and distribution for the source earth-
quake. Having no actual slip distribution from a Cas-
cadia great earthquake, we attempted to assess both 
the relative sizes of paleoearthquakes and geologic evi-
dence of the position of the coupled plate interface to 
constrain possible slip distributions to those consistent 
with geological and geophysical data. To address the 
size of paleoearthquakes, we use the observed proper-
ties of offshore earthquake-generated turbidites and 
rupture lengths to help estimate the relative sizes of 
past earthquakes. 

We have noted in the preceding section that relative 
mass of the turbidites correlates between remote sites, 
regardless of local sedimentation rate. That is, large tur-
bidites are large at all sites, and small turbidites are small 
at all sites. This correlation suggests that the source 

earthquake magnitude may control turbidite mass and 
thickness. If we make the assumption that larger tur-
bidites represent the greater shaking expected during 
larger earthquakes, we can use the relative sizes and 
interevent times to address the relative magnitudes of 
paleoearthquakes. Goldfinger and others (2009) dem-
onstrate that there is a relationship between interevent 
time intervals and the relative size of the turbidites. 
Here we briefly summarize this result. As previously 
noted, we examine only the longer ruptures that affect 
the north-central region and do not consider smaller, 
more frequent ruptures common along the southern 
margin. 

To quantify turbidite size, we calculate the dimen-
sionless area under the gamma density curve relative 
to the baseline hemipelagic density for each Holocene 
turbidite in cores 12PC and 23PC from the Juan de 
Fuca and Cascadia channels, respectively. The cross 
sectional area of the density plot is a dimensionless 
representation of the mass of each turbidite (multiply-

Table 1. Turbidite mass versus interevent time, either time following or preceding each turbidite. 

Turbidite 
No.

Turb. 
Mean 
Age 
(yr)

Turb.  
Age 

Error  
+2σ 
(yr)

Turb.  
Age 

Error  
−2σ
(yr)

Turb.  
Follow  
Time 
(yr)

Turb. 
Preceding 

Time  
(yr)

Hemipelagic 
Interevent (Cascadia 

Channel) 12PC
Norm.
Mass

23PC
Norm.
Mass

12PC 
and 

23PC
Avg. 
Mass

Qual. 
Event 
Size 

(Turb.)

Qual. 
Event 
Size 

(Follow 
Time)

Follow 
Time

Preceding 
Time

T1     269*   96 100 >309 196   n.d.   149 175   155 165 avg. n.d.
T2   446   85   89 196 338   149   456 115     60     87.5 small small
T3   784 103 112 338 414   456   309 155   135 145 avg. small
T4 1198 122 113 414 369   309   480 110   135   122.5 avg. avg.
T5 1567 176 167 369 453   480   190 115   235 175 avg. small

T5b 2020 163 159 453 530   190   645 105   100   102.5 small avg.
T6 2550 137 147 530 484   835   530 295   225 260 avg. avg.
T7 3034 134 163 484 480   530   525 340   315   327.5 large avg.
T8 3514 168 176 480 644   525   642 390   170 280 large avg.
T9 4158 165 184 644 586   642   686 290   140 215 avg. avg.

T10 4744 173 189 586 849   686 1017 150     75   112.5 avg. avg.
T11 5593 148 135 849 696 1017   203 460   625   542.5 large large
T12 6289 151 138 696 853   203   557   40     45     42.5 small large
T13 7142 124 118 853 482   557   457 260   110 185 avg. largest
T14 7624 139 139 482 563   457   639 105   105 105 avg. avg.
T15 8187 138 143 563 702   639   683 100     60   80 small avg.
T16 8889 197 187 702 253   683   311 450 1110 780 largest large
T17 9142 259 292 253   61   311   434   90   195   142.5 avg. small

T17a 9203 177 193   61 616   434   124   60     55     57.5 small small
T18 9819 184 232 616 n.d.   124   n.d.   95   195 145 avg. avg.

Data from Goldfinger and others (in revision; data released June 23, 2009). Mean ages are before AD 1950. Turb. = turbidite; Casc. = Cas-
cadia; ; Norm. = normalized; avg. = average; qual. = qualitative; n.d. = no data. Cascadia Channel refers to a turbidite transport channel in 
the abyssal plain off the northern Oregon coast.



12	 Oregon Department of Geology and Mineral Industries Special Paper 41

Multi-Deterministic Tsunami Hazard Assessment, Cannon Beach, Clatsop County, Oregon

ing by the cross section of the core tube yields the true 
mass in grams per cubic centimeter). Table 1 summa-
rizes the relationship between turbidite mass for each 
correlated event and the interevent times, including 
both cores, the average of the two cores, and the pre-
ceding and following time intervals. We scale turbidite 
mass with an arbitrary scale factor to plot on the same 
scale as interevent time in years for visual comparison 
(Figure 6). Table 2 shows the correlation matrix for fol-
lowing time and prior time intervals to turbidite mass. 
A Pearson correlation coefficient of 0.73 for the mass 
values between the two sites (Table 2) indicates a mod-
erately strong correlation for the two turbidite series. 
The strong correlation of mass and number of pulses 
between sites supports the earthquake link between 
sites (Goldfinger and others, 2009). We also find a sig-
nificant relationship between the mass of each event and 
the time following that event, with Pearson correlation 
coefficient of 0.48 between the averaged masses and the 
following interevent times for the 20 event series (T5b 
is included). The hemipelagic sediment thickness above 
each turbidite is also correlated to turbidite mass, with 
a coefficient of 0.60. The prior interevent time and sedi-
ment thickness below each turbidite are negatively cor-
related to turbidite mass (Table 2). Figures 7a and 7b 
similarly illustrate the positive correlation of turbidite 
mass to following time or sediment thickness above 
turbidites and the near zero correlation for prior time.
A moderately strong correlation between turbidite 
mass and following interevent time supports the infer-
ence that the relative size relationship suggested by 
the mass correlation has physical meaning. Further, 
the temporal correspondence supports a hypothesis in 
which turbidite size, assumed to represent earthquake 
size, and the time between earthquakes are related. The 
relationship between turbidite size and earthquake size 
is implicit in the along-strike correlation of turbidites 
(it is one of the parameters used for correlation), which 
is unlikely to be related to external factors such as sedi-
ment supply (Goldfinger and others, 2009). 

An earthquake model in which the interevent time 
after an earthquake is proportional to the size of the 
event is known as a “time predictable” model because 
the time of the next event (but not its size) can be pre-
dicted from the size of the preceding event (Shimazaki 
and Nakata, 1980). The Cascadia turbidite data appear 
to fit this model to a modest extent. The negative corre-
lation with prior time intervals suggests that a slip-pre-

dictable model does not fit the Cascadia data. Several 
exceptions to the general relationship seen in Figure 
6 are that T16, the largest event by mass, is followed 
by an ~700-year interval, while T12, a small event, and 
T13, a moderate event, were followed by similarly long 
intervals. 

In the family of Holocene Cascadia earthquakes 
shown in Table 1, we note that only one of them, T1 
(the AD 1700 earthquake), has an independent esti-
mate of magnitude. T1 is in the grouping of “average” 
events from the turbidite perspective, but independent 
estimates of this event center around a full margin rup-
ture of Mw ~9.0 (Satake and others, 2003). Although we 
cannot assign magnitudes to the remainder of the Cas-
cadia earthquakes, we conclude that turbidite mass and 
following time correlations imply there were events 
larger than the AD 1700 earthquake, such as T8, T11, 
and T16; a group of events of about the same size, T3, 
T4, T5, T6, T7, T9, T13; and numerous events that 
were smaller, i.e., T2, T10, T12, T14, T17, and T17a. 
The groupings of relative size from Table 1 were used to 
establish the relative weights of earthquake sizes used 
in the decision tree for scenario tsunami runs for the 
Cannon Beach study area.

The slip values used in the tsunami simulations 
are derived directly from the time intervals between 
paleoearthquakes. To estimate fault slip at the latitude 
of Cannon Beach, we convert the time intervals to fault 
slip based on Euler poles of Wang and others (2003) 
and assume that all interplate convergence is released 
in coseismic slip. Real fault slips are likely smaller due 
to less than 100 percent locking observed in most sub-
duction zones (McCaffrey, 1997). This approximation, 
while inexact, offers at least a weak constraint on the 
possible slips of past earthquakes and on the frequency 
distribution of earthquakes of different size through the 
Holocene. We note that Goldfinger and others (2008) 
observed that when all segmented ruptures are consid-
ered, turbidite mass also correlates with rupture length 
in Cascadia. This observation supports the inference 
that turbidite mass is related to earthquake “size” (the 
convolution of magnitude, duration, peak acceleration, 
etc.) as used in this report.

Few localities in the world offer the opportunity to 
explore the size and frequency distribution of great 
earthquakes with even weak constraints. One other is 
the Tokai-Nankai subduction zone in Japan, where his-
torical records of uplift and tsunamis have been used to 
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examine the ~1,500 year record available there. Rikita-
ke (1999) modeled fault slip based simply on time inter-
vals and plate motion as we have done and concluded 
that the slips were not significantly different from those 
inferred from geodetic, seismologic, and tsunami data, 
though the tsunami data tended to imply larger slips 
than from other methods.

The apparent fit to a time predictable model is an 
outcome of this study and is explored further by Gold-
finger and others (2009). The potential recurrence rela-
tionship is noted and is supportive of the relationship 
between time and slip, but not used to predict other 
parameters in this investigation.

GEOLOGIC EVIDENCE OF INTERPLATE LOCKING

In Cascadia, there are no seismicity data from which to 
construct actual coseismic slip distributions for great 
earthquakes to use in tsunami modeling. We therefore 
use geologic, geodetic, and geophysical constraints to 
define the most probable family of models from which 
we expect past and future ruptures to originate. Esti-
mates of the position of the locked plate interface have 
been made on the basis of thermal and geodetic data 
(Hyndman and Wang, 1995; Flück and others, 1997), 
Global Positioning System (GPS) strain data (Wang and 
others, 2003; McCaffrey and others, 2007), and the evi-
dence of landward tilting found in leveling data from 
the past ~80 years (Mitchell and others, 1994; Burgette 
and others, 2009). The models have considerable vari-
ability among them, and, because most are land based, 
place little constraint on the seaward part of the sub-
duction interface, a region important for tsunami gen-
eration. For these reasons, we pursued further evidence 
of the offshore position of the locked plate boundary in 
Cascadia that could be used to constrain tsunami gen-
eration models.

UPDIP LIMIT OF INTERPLATE LOCKING 

We used geologic data to map the boundary between 
landward and seaward vergent structures as a proxy for 
weak/strong interplate coupling along the seaward part 
of the central Cascadia margin. Several models of Cas-
cadia interplate coupling have been proposed that sug-
gest the coupled interface extends to the deformation 
front (Hyndman and Wang, 1995; Flück and others, 
1997). These models were primarily based on thermal 

considerations, which imply that the outer accretionary 
wedge is hot enough to sustain stick-slip behavior. These 
models do not exclude other factors that may influence 
laboratory stick-slip behavior. Geologic evidence sug-
gests that shear stress on the interface between much 
of the outer accretionary wedge in central and northern 
Cascadia and the subducting Juan de Fuca plate is very 
low (Figures 8 and 9). Much of the Pleistocene accre-
tionary prism in this region is landward vergent, that is, 
the individual faults dip seaward (MacKay, 1995). As the 
development of landward-vergent thrusts is commonly 
linked to the properties of incoming sediments (over-
pressured sediments producing low shear-stress along 
the basal detachment) and/or to properties of the older 
deeper prism (high-competency backstop materials), 
the geometry of these thrusts may in the former case 
be correlated with the coupling stress (Goldfinger and 
others, 1992, 1996). Landward vergence is a common 
expression of very low coupling stress on the underly-
ing décollement (Seely, 1977; MacKay, 1995), requiring 
pore fluid pressures to be high or near lithostatic on the 
underlying faults. In some settings, landward vergence 
may also be attributed to backstop geometry or other 
factors (e.g., northern California [Gulick and others, 
1998]). Further evidence of low coupling stress is a 
wide fold spacing and open folding style. Overpressur-
ing may be an episodic condition (e.g. Maltman, 1998; 
Saffer and Bekins, 1999) during earthquakes or may be 
semi-permanent condition of interplate convergence. 
The widespread landward vergent province in Cascadia 
coincides with widely spaced, open folds, suggesting 
poor interplate coupling underlying this region (Gold-
finger and others, 1992, 1996, 1997; Mandal and others, 
1997). The evidence is supported by observations of a 
mud volcano seaward of the Washington deformation 
front (Goldfinger, 1994) and the variable signature of 
lower-plate strike-slip faults that breach only the upper 
plate in regions of inferred strong coupling (Goldfinger 
and others, 1992, 1996, 1997). 

The source of fluid overpressuring is thought to be 
the rapid late Pleistocene deposition of the Astoria 
and Nitinat submarine fans, which correspond spa-
tially to the latitudinal position of the landward ver-
gent province within the prism (Goldfinger and others, 
1996). The rapid deposition of these two fan systems 
has resulted in high pore fluid pressures during the 
Holocene, as insufficient time has elapsed to allow 
the accreting fans to equilibrate to hydrostatic condi-
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Figure 6. Relationship between turbidite mass per event at Juan de Fuca and Cascadia Channels, and interseismic time, northern 
Cascadia margin. Mass values for each turbidite from two cores, M9907-12PC from Juan de Fuca Channel, and M9907-23PC Cascadia 
Channel are plotted separately, and as their average mass. Local turbidite mass determined from gamma density traces and scaled 
by an arbitrary factor to plot at same scale with interevent time in years (see methods). Time (right Y axis) is the interevent time 
between turbidites taken from the mean peak PDF (probability density function) ages of the turbidites margin wide (Table 1; 
Goldfinger and others, 2009). Also plotted are the hemipelagic time equivalents from M9907-25PC. The northern extent of event 
T5b is uncertain. Following time interval shown assuming T5b extends to the latitude of JDF (Juan de Fuca) channel. Grey dashed 
following time plot shows alternate interpretation without T5b. Error ranges shown for interevent times are 1σ.

Table 2. Pearson product-moment correlation matrix: Turbidite mass versus prior and following interevent time 
for data of Table 1 but using 250 years as the age of the last event, T1.

Following 
Interevent 
Time (yr)

Prior 
Interevent 
Time (yr)

Hemi-
pelagic 
Follow-

ing Time 
(Cascadia 
Channel)

Hemi-
pelagic 
Preced-

ing Time
12PC 
Mass

23PC 
Mass

Average 
Mass

Following Interevent Time (yr) 1.00 — — — — — —
Prior Interevent Time (yr) 0.38 1.00 — — — — —
Hemipelagic Following Time 0.56 0.26 1.00 — — — —
Hemipelagic Preceding Time 0.25 0.41 -0.03 1.00 — — —
12PC mass 0.56 -0.04 0.71 -0.11 1.00 — —
23PC Mass 0.39 -0.31 0.49 -0.38 0.73 1.00 —
Average Mass 0.48 -0.23 0.60 -0.31 0.88 0.97 1
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Figure 7. Plot of interseismic intervals versus mass per event for (A) time-predictable and (B) slip-predictable models for the northern 
and central Cascadia margin. Time intervals based on hemipelagic sediment thickness and sedimentation rates are also shown. Time 
predictable model is weak positive fit to the data, with regression fit R2 of 0.22 for 14C data, and 0.36 for hemipelagic data. The poorer 
fit here shows that while the trends based on a Pearson statistic shown in Table 2 and Figure 6 are moderately good, a direct numerical 
relationship is weaker. The slip-predictable model however is uncorrelated.
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Figure 8. Shaded bathymetry of the Oregon margin, with structural map overlain (Goldfinger 1994). Light blue lower slope is 
characterized by landward vergence, low surface taper (profile E-E′), and wide fold spacing and is dominated by margin-parallel 
folds. Older accretionary complex in orange, dominated by convergence-normal fold trends landward vergence, and steep mid-
slope defining a steeper wedge taper. The two provinces are separated by a seaward vergent splay fault (bold gray lines with 
triangles pointing down the thrust fault dip) and abrupt break in surface slope. Mapped traces of the splay fault scarps are shown 
here; generalized location of the model fault used for the tsunami source models is depicted on Figure 3. Splay fault is imaged 
by U.S. Geological Survey reflection profile L-5-WO77-12, shown in Figure 14. Bathymetric profile (profile E-E′) shows low surface 
wedge taper and steep upper slope separated by the splay fault scarps. See Figures 1 and 3 for location of this map.
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Figure 9. Decoupled regions of the central Cascadia margin mapped from multiple proxies for interplate coupling. Contrast 
between landward vergent (upper panel, B-B′, R/V Sonne lines 103 and 108) and seaward vergent (lower panel, A-A′) structures 
coincides with break in slope, age contrast, and boundary of structural trends shown in Figure 7. Landward vergent region shown 
in shaded polygon in map view. Southern shaded polygon is also a decoupled region of landsliding (Goldfinger and others, 2000). 
Upper inset from Adam and others (2004); lower inset from Johnson (2004).
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tion. The sediment supply to the Sumatra prism bears 
resemblance to Cascadia, in that thick fan sequences 
supplied from the north are accreting to the outer 
forearc. This could promote low basal shear stress and 
landward vergence, as is likely in Cascadia (Seely, 1977; 
MacKay, 1995; Goldfinger and others, 1996; Goldfinger 
and McNeill, 2006). Alternatively, the Sumatran land-
ward vergence may be controlled by a backstop of high-
velocity material (McNeill and others, 2006) accreted 
as a duplex beneath the slope cover (Ladage and others, 
2006; Fisher and others, 2007). In Cascadia, evidence of 
backstop-controlled landward vergence can be found 
along the northern California margin (Gulick and 
others, 1998) and off southern Oregon (Goldfinger and 
others, 2000). However, in northern and central Casca-
dia, the geologic evidence does not support a landward 
dipping backstop, and the extensive landward vergent 
province is more consistent with a fluid pressure con-
trol. R/V Sonne lines 103 and 108 (Adam and others, 
2004; cross section B-B′ in Figure 9) image the width 
and depth extent of the landward vergent province, 
where as many as seven landward vergent folds com-
prise the Pleistocene section, revealing no evidence of a 
backstop control of these structures.

Further evidence of weak coupling in the outermost 
accretionary prism of northern Oregon comes from 
structural observations of fold trends in map view. Sea-
ward of a major break in slope and wedge taper (also 
marked by a splay fault discussed in a subsequent sec-
tion), fold trends are margin parallel and clearly follow 
variations in the strike of the splay fault tip (Figure 8). 
Goldfinger and others (1997) interpret this relation-
ship as clear evidence of the backstop nature of the 
older accretionary complex in the hanging wall of this 
structure. The stress orientations that primarily con-
trol fold trends respond to the map pattern of the slope 
break/splay fault. Arcward of the splay, fold trends vary 
between arc parallel and convergence normal along 
much of the central margin, a contrast in strike. Over 
most of the map in Figure 8 the upper slope (yellow-
orange) and lower slope (blue) boundary corresponds 
to a ~30° change in fold strike with some folds truncat-
ed at the boundary. The slope break, vergence change, 
splay fault, and boundary between the low tapering 
lower slope wedge and steeper tapering upper slope 
and shelf accretionary complex all coincide, as shown 
in Figure 8. 

This secondary evidence supports a change from 
strong to weak coupling at the slope break boundary. 
In contrast to models implying large seismogenic cou-
pling in the seaward accretionary wedge, most subduc-
tion earthquakes in accretionary systems have a gra-
dational transition at their updip ends consistent with 
reduced coupling and higher pore fluid pressures in the 
outer prism. The fault slip model shown in Figure 10 for 
the Sumatra–Andaman Islands earthquake of Decem-
ber 26, 2004, is broadly consistent with these observa-
tions (Chlieh and others, 2007). Based on the preced-
ing analysis, we map the boundary between landward 
and seaward vergent structures as a proxy for weak/
strong interplate coupling along the seaward part of the 
central Cascadia margin (Figures 8 and 9). While this 
boundary is likely to be gradational, there is not pres-
ently enough constraint to further develop the model of 
the updip limit in Cascadia.

DOWNDIP LIMIT OF INTERPLATE COUPLING 

In many subduction zones, locating the downdip limit 
(in the absence of great earthquakes) has been attempt-
ed using elastic and viscoelastic models of GPS strain 
data, leveling data, and with thermal models. Although 
these methods always produce a result, it is difficult to 
compare these results to the actual seismogenic zone, 
which is very poorly defined. In Sumatra, with the 2004 
event, we now have a good opportunity to assess pos-
sible relationships between forearc structures based on 
the well constrained slip models. 

In this report, in addition to published thermal and 
GPS based models, we examine the use of an appar-
ent structural transition from contraction to extension 
on the Cascadia margin that is observable in offshore 
seismic reflection data, focal mechanisms, and bore-
hole breakouts as a proxy for long-term interplate cou-
pling. Although there is no certainty that the structural 
data actually represent plate coupling, several lines of 
reasoning suggest that this may be the case. We then 
compare these results to published GPS and thermal 
results. First we briefly discuss the origins of forearc 
structure. 

The actual origin of forearc basins and highs is 
presently not known. Early models of forearc struc-
ture attempted to relate the presence of forearc highs, 
basins, and intervening deformation zones directly to 
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Figure 10. Sumatra forearc shown by single-channel profile (A-A′) Sumatra Earthquake and Tsunami Offshore Survey (SEATOS) line 1 
(Fisher and others, 2007). Forearc basin at right, forearc high in center, and subduction thrust (labeled Toe Trust) and the abyssal plain 
(Sunda Trench) at left. Lower panel shows preferred slip distribution from Chlieh and others (2007) for the Sumatra–Andaman Islands 
earthquake of December 26, 2004, in map view based on Global Positioning System data. Profile of the Chlieh and others (2007) slip 
distribution along cross section A-A′ shown above the single-channel seismic (SCS) profile. Slip (m) scale at right of profile. Map location 
of the subduction zone megathrust is the red line with triangles pointing down the fault dip; red lines to the east are depth contours 
on the megathrust. Colored regions on lower map are inferred coseismic slip; arrows show direction and magnitude of observed and 
modeled coseismic and post-seismic slip, as indicated in the map legend.
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the mechanical consequences of “backstop” geometry. 
In these models, the forearc basin overlies the tip of the 
backstop and thus is undeformed, because it is “shield-
ed” from interplate stress by the presence of the strong 
backstop (i.e., Byrne and others, 1993). Although 
forearc highs and basins are ubiquitous, their origins 
cannot always be explained so simply, the actual struc-
ture is typically more complex, and many exceptions to 
the early models exist.

Models of the Sumatra slip distribution such as those 
derived from GPS (Chlieh and others, 2007; Figure 10) 
and seismologically (Ammon and others, 2005) suggest 
that the downdip extent of seismogenic slip roughly 
corresponds to the transition from the arcward part of 
the forearc high to the lightly deformed forearc basin 
(Goldfinger and McNeill, 2006; Figure 10). Because the 
Sumatra forearc uniquely has islands above sea level in 
this zone, this transition is well expressed as a landward 
tilting of the islands, namely, Simeulue and Nias for the 
2004 and 2005 subduction earthquakes, respectively 
(Meltzner and others, 2006). The strong coseismic 
tilt is semi-permanent and was mapped by the uplift 
and subsidence of coral heads and entire coastlines. 
Because the tilt changed sign from positive to nega-
tive on the islands, modeling the source slip zone was 
relatively straightforward and matched the seismologic 
models reasonably well. These models also indicate 
that the downdip transition from slip to no slip roughly 
underlies the seaward side of the forearc basin. These 
observations are unprecedented in any great subduc-
tion earthquake and lead us to hypothesize that the 
downdip termination of the seismogenic zone may, at 
least in some subduction zones, be expressed in the 

upper plate as the transition from the highly deformed 
outer arc high to the undeformed forearc basin. In 
much of Sumatra, the seaward part of the forearc basin 
is characterized by a transition from a seaward part 
that exhibits contractional deformation to an unde-
formed or slightly extensional normal faulted basin far-
ther arcward. This transition suggests a stress change 
across the basin from horizontal arc normal compres-
sion to tension. Whether this transition is coincidence 
in Sumatra is not yet known, as this locality could well 
be underlain by the seaward edge of a backstop as in the 
original forearc models. However, the change in defor-
mation style overlies a transition from seismogenic to 
aseismic slip based on the 2004 earthquake. A review 
of other great earthquakes such as Kamchatka (1952), 
Alaska (1964), and Chile (1960) yields ambiguous inter-
pretations, slightly favoring a similar interpretation 
(Goldfinger and others, 2007b) except for the Chile 
1960 earthquake, which clearly ruptured beneath the 
forearc basin (Barrientos and Ward, 1990).

In Cascadia, we can map a transition similar to 
that of Sumatra by examining the numerous available 
industry multichannel reflection profiles (Goldfinger 
and others, 1992, 1997). We note that this transition 
does not coincide with a “backstop” as in the Byrne 
and others (1993) models. The backstop in Cascadia is 
the Siletzia terrane, the boundary of which is shown in 
Figure 11 located beneath the center of the outer arc 
high. Its position varies along strike, but the western 
boundary seems to be unrelated to the position of the 
forearc high-basin transition, which is approximately 
parallel to the coastline. 

Figure 11. Cross section across Heceta Bank, Oregon from Chevron seismic line HOG-15 and Western Geco seismic line WO-18. This 
typical forearc section shows the compressional nature of the forearc basin (contrast with section of Wells and others [2003] along 
the same profile). Flexural slip faulting controls the basin western margin, the eastern margin is undeformed or extensional. Boundary 
between extension and compression is mapped for numerous similar profiles in Figure 12. See Figure 12 for location of this cross section. 
Bedded units are sedimentary rocks. Unit Tsr (dark gray) is Tertiary Siletz River Volcanics of the Siletzia terrane considered to be a hard 
rock backstop in contact with sedimentary rocks of the accretionary prism (yellow and tan deformed units) to the west. Twt is two-way 
travel time.
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We use an industry data set of seismic reflection profiles 
acquired by Oregon State University (OSU) to assess 
the structural evidence for landward waning of con-
tractional deformation related to interplate coupling. 
These data are proprietary in part. Figure 11 shows a 
typical cross section through Heceta Bank, Oregon, 
based on industry profiles Western Geco line WO-18 
(http://walrus.wr.usgs.gov/NAMSS/) and proprietary 
line HOG-15. This profile reveals the structure of the 
forearc basin and outer arc high, supported by age 
and lithologic data from test wells P-0087 and P-0103. 
The structure of the forearc high consists of seaward 
vergent thrust faults in an imbricate stack that serve 
to uplift the outer arc high. These faults also form the 
western limb of the forearc basin and are observed as 
flexural slip faults developed within stratigraphic hori-
zons of the forearc basin stratigraphy.

Figure 11 also reveals that typical structure of the 
forearc basin is that of a structural basin created by 
the uplift of the western limb along the outer arc high. 
Contractional deformation of the basin is limited to the 
western edge and gives way to undeformed stratigra-
phy in the basin center and gentle extensional faulting 
on the landward limb. This general pattern of deforma-
tion remains virtually the same throughout the central 
Cascadia margin. In detail, the axes of the basins are 
en echelon in map view (Goldfinger and others, 1997; 
McNeill and others, 2000) and have variable styles of 
structures linking individual basins (e.g., Yeats and 
others, 1998). 

We map the structural transition from contraction 
to extension along the Cascadia margin from geolog-
ic structure, borehole breakout data, and earthquake 
focal mechanisms (Figure 12). We used 129 Western 
Geco multichannel reflection profiles (now available 
through USGS at http://walrus.wr.usgs.gov/NAMSS/) 
and mapped in a geographic information system 
(GIS) the transition from contraction (the direction 
of which varies from bearings of 060° to 100° based on 
fold axes) to undeformed or extensional basin strata 
across the forearc basin. Many profiles exhibited the 
structural relationships illustrated in Figure 11. Along 
southern Oregon and Washington, the transition must 
occur onshore, as structures were contractional up to 
the landward limit of the reflection data. Evidence of 
extension of the Washington shelf shown in Figure 12 
as a cluster of green symbols is related to shallow lis-
tric normal faulting (McNeill and others, 1997) and is 

probably not relevant to coupling on the megathrust. 
The structural boundaries mapped with multichannel 
reflection data showed modest variation with time, sug-
gesting that structures active in the Miocene through 
present have had a relatively consistent stress relation-
ship. We infer from this that our mapping across this 
large span of time yields a spatial result that would be 
similar for other periods of post-Miocene time. We 
used the youngest structures available, although only 
approximate temporal control is available from a few 
test wells (McNeill and others, 2000). Onshore, we 
supplemented the offshore data with limited evidence 
from borehole breakouts as indicators of crustal stress 
(Werner and others, 1991) and from focal mechanisms 
(Global Centroid Moment Tensor Database; Trehu 
and others, 2008; Western Geco multichannel reflec-
tion profiles, available through USGS at http://walrus.
wr.usgs.gov/NAMSS/). Each of these indicators cannot 
strictly be compared to the others as they represent 
different physical properties and different time scales. 
Nevertheless, the combined data are consistent and 
seem to represent a coherent transition from conver-
gence-related compression to arc-parallel compression 
that is well known in the Cascadia forearc (Wang and 
He, 1999). 

We note that the precise meaning of the transi-
tion line mapped in Figure 12 is not presently known. 
Although it represents an average structural/stress 
transition zone over the span of time represented by 
the data sets used, we cannot assign to it a specific 
numerical value. We use this mapping only as a gen-
eral guide, to be considered with other data, to assist 
in evaluating the downdip and along-strike map pat-
tern of plate coupling in Cascadia. This analysis also 
assumes that the transition boundary represents long-
term features, as it is mostly structurally based, and 
that these long-lived features are relevant to plate lock-
ing, an inference we draw, but also one that requires 
further study. We are encouraged however that despite 
these caveats, the stress boundary in Figure 12 is quite 
compatible with other downdip estimates of coupling 
based on thermal models (Hyndman and Wang, 1995), 
leveling data (Mitchell and others, 1994; Schmidt and 
others, 2007, Burgette and others, 2009), and GPS data 
(McCaffrey and others, 2007). In particular, the most 
recent GPS models based on a dense array of cam-
paign data and continuous sites include along-strike 
variability that closely mirrors that in Figure 12. Also 

http://walrus.wr.usgs.gov/NAMSS/
http://walrus.wr.usgs.gov/NAMSS/
http://walrus.wr.usgs.gov/NAMSS/
http://walrus.wr.usgs.gov/NAMSS/
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Figure 12. Evidence of 
extension of the Wash-
ington shelf, shown as a 
cluster of green symbols, 
is related to shallow listric 
normal faulting (McNeill 
and others, 1997) and is 
probably not relevant to 
coupling on the mega-
thrust. The structural 
boundaries mapped with 
multichannel reflection 
data showed modest 
variation with time, sug-
gesting that structures 
active in the Miocene 
through present have 
had a relatively consis-
tent stress relationship. 
We infer from this that 
our mapping across this 
large span of time yields 
a spatial result that would 
be similar for other peri-
ods of post-Miocene 
time. We used the young-
est structures available, 
although only approxi-
mate temporal control 
is available from a few 
test wells (McNeill and 
others, 2000). Onshore, 
we supplemented the 
offshore data with limited 
evidence from borehole 
breakouts as indicators of 
crustal stress (Werner and 
others, 1991) and from 
focal mechanisms (Global 
Centroid Moment Tensor 
Database; Trehu and 
others, 2008; and various 
sources).
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compatible with the stress boundary is evidence pre-
sented by Mitchell and others (1994), who contoured 
uplift rates along the Cascadia coast based on repeated 
leveling surveys. These contours, also shown in Figure 
12, suggest an area of low uplift in central-northern 
Oregon adjacent to a corresponding region where our 
stress line swings offshore. An ongoing reanalysis of the 
leveling data (Schmidt and others, 2007) supports the 
original models of Mitchell and others (1994). An alter-
native model presented by Hyndman and Wang (1995) 
uses some of the same data but smooths the uplift vari-
ability that we interpret as most likely signal rather than 
noise. Onshore evidence of coseismic subsidence also 
suggests a reduced coseismic subsidence from the AD 
1700 and three previous earthquakes in this area of 
central Oregon (Leonard and others, 2004; Nelson and 
others, 2008).

Finally, we note that the stress boundary shown in 
Figure 12 suggests that broad regions of the upper plate 
where the stress line swings landward coincide with 
major structural uplifts. The central Oregon region 
where the stress line swings seaward coincides with a 
deep structural and gravity low (McNeill and others, 
2000). In Oregon, the structural uplifts are known 
as Coquille Bank, Heceta Bank, and Nehalem Bank 
(Figure 12). These uplifts are known to have been active 
since the Miocene, with uplift of over 1 km based on 
biostratigraphic data at Heceta Bank (Kulm and Fowler, 
1974). Contractional structures that comprise the banks 
have greater throw in the banks and reduced throw and 
more open folding where they are mapped between the 
banks (Goldfinger and others, 1992, 1997). The present 
lack of relief between these rapidly deforming regions 
relative to the slower deforming interbank areas is due 
to Pleistocene transgressive-regressive erosion. We 
suggest that the uplifted, highly deformed bank/struc-
tural highs outlined by the mapped stress transition 
line may represent regions of strong coupling averaged 
over many seismic cycles. The relationship between 
interplate coupling and structural growth is discussed 
by Goldfinger and others (1992, 1996, 1997), and thus 
upper plate structural growth, absent obvious back-
stop effects, may reflect the strength of interplate cou-
pling. In particular, the Heceta Bank-Nehalem Bank 
pair bound the region of low uplift onshore and sea-
ward position of the stress line (Figure 12), consistent 
evidence of a semi-permanent forearc control on plate 
coupling. Recent results from offshore experiments in 
Costa Rica suggest that highly stressed regions of the 

subduction interface, indicated by low b-values from 
onshore-offshore seismic experiments, correlate well 
to geodetically mapped locked patches (Ghosh and 
others, 2008). These same areas correspond to free-air 
gravity highs in the forearc.

The combined evidence of variability of strain along 
strike spans multiple time ranges from Miocene to 
Holocene in the case of structural development, spans 
~80 years in the case of leveling data, and spans ~12 
years for GPS data, yet the map patterns of strain are 
quite similar, despite the first being permanent and the 
latter two being elastic. We suggest that the map pattern 
of inferred higher coupling corresponding to the sub-
marine banks may indicate regions of high slip during 
subduction earthquakes because the GPS and leveling 
data suggest greater present interseismic elastic strain 
that must be released in earthquakes, while the stress 
line indicates greater long-term strain. We use this 
conclusion in later sections of this paper, but we also 
test another proposed model, that the forearc basins 
are asperities as suggested by Wells and others (2003). 
These authors argue on the basis of global comparisons 
of earthquake slip models with gravity data that seismic 
moment is concentrated beneath forearc basins. While 
this model appears to work well for several well-known 
cases such as Nankai and Chile, it failed to predict the 
Sumatra 2004 distribution of slip or slip distributions of 
the other largest known earthquakes such as Kamchat-
ka (1952) and Alaska (1964). The basin model proposed 
by Wells and others (2003) is also incompatible with 
the structural data outlined above. A related model by 
Song and Simons (2003) suggests that slip is concen-
trated in trench-parallel gravity lows, a proposal simi-
lar to but distinct from that of Wells and others (2003). 
Though these models are commonly linked, the Song 
and Simons model subtracts an average gravity profile 
and identifies lows from the resulting data, something 
not done in the Wells and others model. The Song and 
Simons model also fails to predict slip distributions in 
Sumatra. 

At present, it is not possible to determine which of 
these models, if any, is operative in Cascadia. Determi-
nation of future slip distributions is beyond the cutting 
edge in subduction zone research at present. Howev-
er, we presently favor the coseismic slip concentrated 
under areas of tectonic uplift based on the above dis-
cussion and an apparent good performance of these 
models for match of tsunami inundation to distribution 
of Cascadia tsunami deposits at Cannon Beach.
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Figure 13. Poststack depth-migrated multichannel seismic (MCS) profiles showing the splay fault off the Kii peninsula, Nankai subduction 
zone (from Park and others, 2002). The subducting oceanic crust is shaded light blue. The seaward distribution of the 1944 Tonankai 
coseismic slips estimated from tsunami (red arrows) and seismic (blue arrows) inversions is projected in the profiles. Locations of both the 
initial branching of the splay fault and the décollement stepdown to the top of the oceanic basement are marked by red dotted circles. 
Green and black arrows show motions of the splay fault slip and the décollement or normal fault, respectively. Vertical exaggeration is 
2×. (A) MCS profile on line 5. (B) Inset of the splay fault at a depth of 7 km, shot point (SP) 2365. The splay fault is also identified on line 7 
(D), which is separated from line 4 (C) by an ~80-km distance. PSP is Philippine Sea Plate.

SPLAY FAULT

Common along subduction margins with thick incom-
ing sedimentary sections is a major splay fault that 
separates the active accretionary wedge from an older 
accretionary complex. The young wedge of Pleistocene 
age in Cascadia is separated from a Pliocene-Eocene 
complex by such a fault, similar to the one that has 
been extensively investigated along the Nankai margin 
(Figure 13). Along the central Cascadia margin, this 
fault is well expressed and marks the boundary between 
the low tapering lower slope wedge and steeper taper-
ing upper slope and shelf accretionary complex (Fig-
ures 3, 8, and 14). This fault becomes less distinct to 
the north on the Washington shelf, where the fault is 

obscured by extensive listric normal faulting (green 
dots in Figure 12; McNeill and others, 1997), and to 
the south where it is similarly obscured by extensive 
landslide failures (Goldfinger and others, 2000). Along 
the central Cascadia margin from latitude ~45° N. to 
47° N., the splay fault boundary is well expressed and 
exhibits evidence of a seafloor scarp on OSU line 100, 
one of the few crossing lines with enough resolution to 
image the near-surface fault. The fault is well imaged 
on R/V Sonne lines 103 and 108 in on the Washington 
margin and USGS line 12 (Figure 14; Mann and Sna-
vely, 1984). On a northern Oregon proprietary profile 
the fault dip can be determined to be ~30°, as the sur-
face map position and the position at which the fault 
intersects the down-going plate are both imaged. Using 
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the slab contours of McCrory and others (2004) to fix 
the depth of the slab, the approximate average dip can 
be determined. On R/V Sonne lines 103 and 108 the 
approximate dip can also be determined as these lines 
have been processed with prestack depth migration 
and thus have depth scales rather than two-way travel 
time scales (Adam and others, 2004). The 30° dip is also 
consistent with these depth-migrated lines. The splay 
fault is well imaged in bathymetry as well, appearing 
as irregular surface scarps in shaded relief bathymetric 
data (Figure 8). Some profile crossings such as that of 
Figure 14 suggest recent seafloor offset, and thus recent 
fault activity. The fault marks not only a bathymetric 
break on the continental slope but also a map view 
boundary between fold and fault trends of different ori-
entations previously discussed (Figure 8).

Given the evidence for recent movement, the clear 
domain boundary between older and younger accre-
tionary complexes, and the structural indications of 
a significant difference in deformation style, we infer 
that the Cascadia splay fault is a significant structure 

capable of diverting slip from the décollement to the 
surface as has been suggested for the Nankai margin. 
This makes it potentially significant in tsunami model-
ing scenarios that include significant slip. We use a gen-
eralized fault deformation model of this fault (Figure 3) 
to explore the effect on tsunami runup and inundation.

Fault Deformation Modeling
Because of a lack of direct observations of coseismic 

seafloor deformation associated with a great Casca-
dia megathrust earthquake, deformation scenarios are 
developed from our current knowledge of the seismo-
genic behavior of the Cascadia subduction zone and 
other subduction zones that have experienced great 
earthquakes. Three types of information contribute to 
the construction of the rupture and deformation sce-
narios considered in this investigation. 

•	 Geological structural information. This includes 
the plate convergence direction and rate from 
Wang and others (2003), geometry of the Casca-
dia megathrust, the master splay fault, and width 

 

D'

Figure 14. Unmigrated U.S. Geological Survey reflection profile L-5-WO77-12 across the mid slope off north-central Oregon (Mann 
and Snavely, 1984). Splay fault separating young wedge from older accretionary complex (blue shading) is imaged as a zone with two 
major traces and active upward branches. Young basin fill is deformed by the upward branching fault, and the upper trace breaks the 
seafloor at this location. The lower slope is characterized by a more open fold style and landward vergence as discussed in the text 
(Downdip Limit of Interplate Coupling section) with respect to interplate coupling. See Figures 8 and 12 for location.
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of the coupled plate interface. Geometry of the 
megathrust is taken from McCrory and others 
(2004). Geometry of the splay fault is from inter-
pretation of the previously explained geologic and 
geophysical data. Slip direction of the coseismic 
rupture is assumed to be exactly opposite plate 
convergence between the Juan de Fuca plate and 
the forearc block after removal of forearc rotation. 
Slip magnitude and direction take into account 
oblique convergence and resulting forearc defor-
mation as determined by Wang and others (2003). 
The resulting convergence rate at the latitude of 
Cannon Beach is 28.9 mm/yr.

•	 Paleoseismic data, primarily the offshore turbi-
dite record as proxy for earthquake recurrence, 
rupture length, and slip (Goldfinger and others, 
2003a, 2008, 2009; Table 1); coseismic paleosub-
sidence data associated with the 1700 Cascadia 
earthquake as compiled by Leonard and others 
(2004) and Nelson and others (2008); and infor-
mation deduced from Japanese historical records 
of the 1700 Cascadia earthquake and tsunami 
(Satake and others, 2003) help constrain coseis-
mic slip for a typical magnitude ~9 event. 

•	 Knowledge and hypotheses based on the studies 
of megathrust earthquakes in other subduction 
zones. Examples include the possible involvement 
of coseismic splay faulting that enhances tsunami 
generation (Plafker, 1972; Park and others, 2002), 
a reported correlation between the locations of 
the seismogenic zone and forearc basins (Wells 
and others, 2003), coseismic slip concentrated in 
the landward part of the forearc high (Goldfinger 
and others, 2007a), coseismic slip concentrated 
under offshore banks (discussions above), and 
aseismic behavior of the most seaward segment of 
the megathrust (e.g., Wang and Hu, 2006; Wang 
and He, 2008; discussion above). Published coseis-
mic slip patterns of the 2004 and 2005 Sumatra 
earthquakes (e.g., Chlieh and others, 2007; Hsu 
and others, 2006; Subarya and others, 2006) pro-
vide references that serve to validate some of the 
assumed Cascadia rupture models. 

These source parameters informed construction of a 
logic tree used to explore variation in coseismic defor-
mation and consequent Cascadia tsunami impact to 
Cannon Beach. All simulations of surface deformation 
from fault rupture scenarios employ the point source 
solution from the Okada (1985) dislocation model and 

emulate coseismic deformation between latitude 43.9° 
N on the central Oregon coast near Florence to Neah 
Bay at ~47.9° N on the Washington coast (dashed line 
in Figure 1). All fault ruptures are simulated using the 
slip function of Wang and He (2008) modified from 
Freund and Barnett (1976). Fundamental to the Wang 
and He approach is recognition that the seismogenic 
zone of subduction faults has an updip limit, seaward 
of which the fault exhibits velocity-strengthening 
behavior, supported by observed and inferred coseis-
mic seafloor deformation of great subduction zone 
earthquakes, particularly that associated with the 2004 
and 2005 Sumatra events. This recognition makes slip 
patches like those used in the TPSW (2006) study as 
well as geodetic models such as McCaffrey and others 
(2007) and Burgette and others (2009) that place large 
amounts of slip near the deformation front much less 
likely scenarios. These models were stochastic (TPSW, 
2006) or based on onshore geodesy (McCaffrey and 
others [2007]; Burgette and others [2009]), neither 
technique is sensitive to the behavior of the seaward 
part of the accretionary prism. All rupture simulations 
in this investigation incorporate coseismic slip tapering 
to zero at the deformation front, albeit one set of simu-
lations incorporates moderate seaward skew of slip (q = 
0.3). Another implication of the Wang and He model is 
that coseismic horizontal compression above the updip 
limit of the seismogenic zone can activate splay faults 
(Wang and Hu, 2006); hence, we incorporate splay 
faulting and assume that the tendency to partition slip 
to a splay fault increases with increased slip (moment). 

In a real megathrust earthquake, the slip varies tre-
mendously along strike giving rise to the concept of 
asperities. Because we cannot predict where the maxi-
mum slip will occur along strike, we use a “regional slip 
patch” model to approximate a generic representation 
of along strike slip behavior. The downdip boundary 
of the regional slip patch was constrained by both the 
previously discussed “stress boundary” and by a best fit 
to available coseismic subsidence data of Leonard and 
others (2004). Local slip patches are assumed to be at 
either basins or banks and are simulated by quadrati-
cally scaling maximum slip with downdip patch width. 
Each assumed slip distribution on the megathrust for 
splay fault models is simply cut off at the surface trace 
of the splay fault. Appendix A summarizes details of 
the approach and map boundaries of simulated geo-
logical structures
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Logic Tree Evaluation of Cascadia Earthquake 
Source Parameters

The parametric analysis of tsunami sources was 
guided by a logic tree with branches arranged from 
most to least important controls on vertical coseismic 
deformation for Cascadia earthquakes (Figure 15). The 
four earthquake source parameters chosen, from most 
to least important, are relative earthquake size (coseis-
mic slip), the presence or absence of a splay fault, fault 
rupture extent (regional rupture or local basin/bank 
rupture), and slip distribution (symmetrical within 
banks or basins and symmetrical or seaward skewed 
within regional slip patches). Weighting factors were 
assigned by the authors to each branch of the logic tree 
based on consensus and observational geologic data 
at Cascadia and other analogous subduction zones. 
Therefore, weights represent the relative confidence or 
preference of the authors related to alternative source 

parameters. The weights do not reflect the tempo-
ral probability of the next tsunami. Table 3 is a sum-
mary of the weighting factors assigned to the various 
parameters used to characterize the source scenarios. 
Figure 16 illustrates map views of the eight coseismic 
deformation scenarios for slip equaling 525 years of 
plate convergence (the “Average” scenarios in the logic 
tree). Figure 16 also illustrates location of the modeled 
splay fault relative to the coseismic deformation. Figure 
12 illustrates the location of the “stress line” used as a 
critical constraint on the downdip limit of rupture for 
the regional slip patch scenarios. The downdip limit for 
regional slip patches was also adjusted to achieve a best 
match to paleosubsidence patterns of the AD 1700 Cas-
cadia earthquake from Leonard and others (2004; see 
Appendix A). Implicit in this is the assumption that slip 
patterns are relatively long-lived features of the mega-
thrust at the time scale of interest here, the Holocene.

Figure 15. Logic tree for “Average” source scenarios and trunk branches of “Small,” “Large,” and “Largest” scenarios 
for Cascadia tsunami simulations. See the text for detailed summaries of the weighting factors (numbers in 
parentheses) for all branches.
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Table 3. Earthquake source parameters and weighting factors used in logic tree for Cascadia tsunami sources (Figure 15). 

Rupture  
Scenario Slip (m)   Mw

Splay Fault/  
Buried Rupture

Rupture  
Model

Slip  
Distribution

Total Weight 
Factor

Largest 1 (0.05) ~38 ~8.8 splay (0.8) local (0.4) offshore bank (0.7) 0.011
Largest 2 (0.05) ~38 ~8.8 splay (0.8) local (0.4) offshore basin (0.3) 0.005
Largest 14 (0.05) ~38 ~9.2 splay (0.8) regional (0.6) symmetric (0.6) 0.014
Largest 12 (0.05) ~38 ~9.2 splay (0.8) regional (0.6) seaward skew (0.4) 0.010
Largest 6 (0.05) ~38   8.8 buried rupture (0.2) local (0.4) offshore bank (0.7) 0.003
Largest 7 (0.05) ~38   8.8 buried rupture (0.2) local (0.4) offshore basin (0.3) 0.001
Largest 9 (0.05) ~38   9.3 buried rupture (0.2) regional (0.6) symmetric (0.6) 0.004
Largest 10 (0.05) ~38   9.3 buried rupture (0.2) regional (0.6) seaward skew (0.4) 0.002
Large 1 (0.15) ~22 ~8.6 splay (0.8) local (0.4) offshore bank (0.7) 0.034
Large 2 (0.15) ~22 ~8.6 splay (0.8) local (0.4) offshore basin (0.3) 0.014
Large 14 (0.15) ~22 ~9.1 splay (0.8) regional (0.6) symmetric (0.6) 0.043
Large 12 (0.15) ~22 ~9.1 splay (0.8) regional (0.6) seaward skew (0.4) 0.029
Large 6 (0.15) ~22   8.6 buried rupture (0.2) local (0.4) offshore bank (0.7) 0.008
Large 7 (0.15) ~22   8.6 buried rupture (0.2) local (0.4) offshore basin (0.3) 0.004
Large 9 (0.15) ~22   9.1 buried rupture (0.2) regional (0.6) symmetric (0.6) 0.011
Large 10 (0.15) ~22   9.1 buried rupture (0.2) regional (0.6) seaward skew (0.4) 0.007
Average 1 (0.55) ~15 ~8.5 splay (0.6) local (0.4) offshore bank (0.7) 0.092
Average 2 (0.55) ~15 ~8.5 splay (0.6) local (0.4) offshore basin (0.3) 0.040
Average 14 (0.55) ~15 ~9.0 splay (0.6) regional (0.6) symmetric (0.6) 0.119
Average 12 (0.55) ~15 ~9.0 splay (0.6) regional (0.6) seaward skew (0.4) 0.079
Average 6 (0.55) ~15   8.5 buried rupture (0.4) local (0.4) offshore bank (0.7) 0.062
Average 7 (0.55) ~15   8.5 buried rupture (0.4) local (0.4) offshore basin (0.3) 0.026
Average 9 (0.55) ~15   9.0 buried rupture (0.4) regional (0.6) symmetric (0.6) 0.079
Average 10 (0.55) ~15   9.0 buried rupture (0.4) regional (0.6) seaward skew (0.4) 0.053
Small 1 (0.25)   ~8 ~8.3 splay (0.2) local (0.4) offshore bank (0.7) 0.000 [0.014]*
Small 2 (0.25)   ~8 ~8.3 splay (0.2) local (0.4) offshore basin (0.3) 0.000 [0.006]*
Small 14 (0.25)   ~8 ~8.9 splay (0.2) regional (0.6) symmetric (0.6) 0.000 [0.018]*
Small 12 (0.25)   ~8 ~8.9 splay (0.2) regional (0.6) seaward skew (0.4) 0.000 [0.012]*
Small 6 (0.25)   ~8   8.3 buried rupture (0.8) local (0.4) offshore bank (0.7) 0.000 [0.056]*
Small 7 (0.25)   ~8   8.3 buried rupture (0.8) local (0.4) offshore basin (0.3) 0.000 [0.024]*
Small 9 (0.25)   ~8   8.9 buried rupture (0.8) regional (0.6) symmetric (0.6) 0.250 [0.072]*
Small 10 (0.25)   ~8   8.9 buried rupture (0.8) regional (0.6) seaward skew (0.4) 0.000 [0.048]*

Slip listed in the table is maximum slip for each slip distribution and is estimated for the latitude of Cannon Beach. Slip at other latitudes is 
calculated in the fault deformation models from estimates of plate convergence rate using a Euler pole from Wang and others (2003) and 
the recurrence times listed in Figure 15. Convergence rate used to estimate slip at Cannon Beach is 28.9 mm/yr. Symbol ~ with Mw values 
means estimated rather than calculated based on similarity of slip amount between splay fault and buried rupture sources.

EARTHQUAKE SIZE AND COSEISMIC SLIP

The first branch of the logic tree evaluates the rela-
tive size of a Cascadia subduction zone earthquake as 
a function of slip on the megathrust. Moment mag-
nitudes for each fault slip are listed in Table 3 but are 
somewhat difficult to determine, as the calculation 
requires specification of rupture length beyond the 
boundaries of the modeled portion of the subduction 
zone (Figure 1). Magnitudes for regional slip patches 

are based on extrapolation to the entire length of the 
Cascadia subduction zone. Magnitudes for local slip 
patches assume a rupture length limited by the source 
domain boundary (Figure 1), because local slip patches 
outside of the domain boundary have not as yet been 
specified. 

Tsunami energy is directional away from the long 
axis of subduction zone ruptures (Titov and others, 
1999), so fault length is not usually a significant factor 
in estimation of local tsunami impact and plays no part 
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Figure 16. Vertical coseismic deformation patterns for release of 525 years of convergence on the Cascadia subduction 
zone. White numbers are deformation in meters: positive is uplift; negative is subsidence; contours are at 0.5 m. Bank slip 
patch models place slip under submarine banks; basin models under submarine basins; slip is quadratically scaled to the 
width of the basin or bank. Regional slip patch models place slip west of the “stress line” in Figure 12 in either a symmetric 
(q = 0.5) or seaward-skewed (q = 0.3) distribution. Splay fault scenarios truncate the slip distribution at the splay fault, 
amplifying uplift from an increase of fault dip to 30°.
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in the logic tree. The four alternatives considered for 
the basal branch include the following earthquake sce-
narios and corresponding coseismic slip at the latitude 
of Cannon Beach: The “largest” earthquakes with ~38 
m of slip (~1,300 years of plate convergence), “large” 
earthquakes with ~22 m of slip (~750 years of plate 
convergence), “average” earthquakes with ~15 m of 
slip (525 years of plate convergence), and “small” earth-
quakes with ~8 m of slip (~300 years of plate conver-
gence). Earthquake size was inferred on the basis of 
correlations between turbidite mass and time intervals 
between turbidites from data available in 2007. Table 1 
is a 2009 update of that data, but, regardless of the data 
set used, scenario recurrence and slip remain close to 
2007 estimates used in our model runs (see Uncertain-
ties section). Coseismic slip amounts were calculated 
from mean following times in the 2007 data for events 
assigned to each size category. As previously explained, 
slip varied by latitude, taking into account the pole of 
rotation between the plates and internal deformation 
of the North American Plate. Table 4 lists scenario 
slips at the latitude of Cannon Beach and demonstrates 
that the 2007 slip scenarios and logic tree weights are 
unchanged or well within uncertainties of the 2009 

follow time data. (We note that using pre-event inter-
vals would not change the slip data or size bins because 
the interevent time population remains the same).

Each scenario is assigned a weight according to 
the number of earthquakes of a particular size that 
are recorded in the 9,850-year record of ~20 Casca-
dia turbidites triggered by past great earthquakes. For 
example, we assigned a weight of 0.05 to the “largest” 
scenario because one of the ~20 events in Cascadia tur-
bidite record exhibited an exceptionally long following 
time of ~1,300 years in an analysis of the data available 
in 2007. Further analysis in 2009 reduced the longest 
interval to ~850 years for all 20 events (Table 1). When 
considering only the 19 margin-wide events (excluding 
T5b), the longest interval is ~980 years with a range 
of ~660 to 1,290 years at 2σ error (rounded from the 
interval between T5 and T6 in Table 1). The presence or 
absence of T5b at the latitude of Cannon Beach strong-
ly influences the time-based maximum slip, reducing 
the T5-T6 interval of ~980 years to ~530 years. How-
ever this illustrates the uncertainties in the time based 
model, as T5b was not large enough to be recorded as 
a tsunami or coastal subsidence, and therefore prob-
ably played a minor role in strain accumulation during 

Table 4. Four scenario time intervals and resulting coseismic slips and logic tree weights used in 2007 
compared to similar data from 2009 follow time data of Table 1.

 Qualitative Size Category Largest* Large Average Small

2007 
(used)

Time interval (yr) 1298 748 525 290

Coseismic slip (m) 37.5 21.6 15.2 8.4

Logic tree weight (percent) 5 15 55 25

2009

Follow times (percent) 5 15 55 25

Post-event time interval range (yr) with 2σ error 660–1287 377–1186 118–993 0–699

Mean post-event time interval (yr) 983 749 525 243

Coseismic slip range estimate (m) with 2σ error 19.1–37.2 10.9–34.3 3.4–28.7 0–20.2

Mean coseismic slip estimate (m) 28.4 21.6 15.2 7.0

Table demonstrates that 2007 slips fall well within the uncertainties of 2009 estimates of slip. Ranges of 2009 interturbidite 
time intervals and equivalent coseismic slips are calculated at the extreme ranges of 2σ error listed in Table 1. Numbers of 
follow times assigned to each qualitative size category are based on these assignments in Table 1. Follow times were used 
as proxies for coseismic slips instead of preceding times, because Goldfinger and others (in review) found a better correla-
tion to turbidite size; nevertheless, preceding times are essentially the same as follow times (Table 1) so there would be little 
difference which are used. Slips are calculated assuming a plate convergence rate of 28.9 mm/yr and coupling ratio of 1.0. 
Note: For more precise comparisons, slip is listed to 0.1 m and time to 1 year but values are rounded to 1 m and 10 years in 
the text and summary tables. 
* Calculation of time intervals and slips for the “Largest” category for 2009 data uses only the 19 margin-wide turbidite 
events (i.e., excludes the small turbidite T5b).
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the T5-T6 interval, yet it has a disproportionate effect 
on our time-based maximum slip model. As explained 
below (Uncertainties and Paleotsunami Deposits sec-
tions), comparison of simulated inundation to distribu-
tion of Cascadia tsunami deposits demonstrated that 
inclusion of all small volume turbidites probably causes 
underestimation of coseismic slip. Therefore, we retain 
~1,300 years for calculation of the largest slip in order 
to err on the side of caution consistent with standard 
engineering practice and to implicitly recognize our 
uncertainties about the influence of smaller events like 
T5b and others on potential coseismic slip. Weights for 
the other scenarios were calculated as follows: 3 of 20 
events were “large” events assigned a weight of 0.15; 
11 out of 20 were moderate in size, or “average” events 
assigned a weight of 0.55; and 5 of 20 were considered 
“small” events and weighted at 0.25 (Table 4).

SLIP PARTITIONED TO A SPLAY FAULT

The second branch of the logic tree evaluates the pos-
sibility that rupture of the Cascadia plate interface is 
partitioned to a splay fault, which directs the rupture to 
the surface and results in significantly higher seafloor 
uplift. As explained above, the splay fault dips landward 
about 30° and follows the slope break. Weighting fac-
tors assigned in this branch reflect greater likelihood 
that larger slip events will trigger coseismic slip on a 
splay fault. For the “largest” and “large” scenarios the 
ratio of weights assigned to splay fault versus buried 
rupture events is 0.8:0.2. For “average” scenarios the 
ratio is 0.6:0.4. For “small” events the ratio is the oppo-
site of that used for the largest scenarios, or 0.2:0.8. 
Therefore, splay fault scenarios have the largest logic 
tree weights within each slip category except for “small” 
slip (Table 3). Another consequence is that splay fault 
scenario Average 14 has the largest logic tree weight of 
any scenario and is thus the “preferred” event (Table 3).

The weighting factors are based on the hypothesis 
that smaller slip events on the megathrust are less likely 
to ramp upward to the surface on a splay fault than 
larger events owing to less horizontal compression 
inherent to velocity strengthening assumption of the 
Wang and He (2008) model. Observational data sup-
porting this hypothesis are meager. Clarke and Carver 
(1992) found that probable splay faults from the south-

ern Cascadia megathrust had three offsets of 5 to 7 m 
each and likely accompanied Cascadia earthquakes 
with magnitudes of 8.4 or greater, but they also sug-
gested that this thrusting did not occur on every mega-
thrust event. The largest mapped reverse fault during 
the Mw 9.2 (~20 m slip) Alaskan earthquake in 1964 
had at least 8 m of dip-slip (Plafker, 1972) and may have 
had vertical displacement exceeding 10 m in a subma-
rine extension of the fault (Plafker, 1965). Cummins 
and others (2001) noted that vertical displacements 
inferred from tsunami inversions of Nankai subduction 
zone earthquakes with just a few meters of displace-
ment may be explained by splay faulting 100 km land-
ward of the trench; however, they also speculated that 
the splays may not break the surface of the accretion-
ary wedge. Sibuet and others (2007) hypothesized that 
splay faulting from the megathrust may have played a 
role in the 2004 Sumatran earthquake, but Fisher and 
others (2007) explained much of the thrust faulting in 
terms of a duplex structure consisting of roof thrusts in 
young accreted sediment above a stronger backstop of 
older material.

RUPTURE MODEL

Two rupture models are considered in the third branch 
of the logic tree, (1) a single regional slip patch that 
ruptures the entire modeled length of the megathrust, 
and (2) local slip patches associated with upper-plate 
structures in the Cascadia forearc. The regional rupture 
model was assigned a higher weight (0.6) than local 
ruptures (0.4) localized at either submarine banks or 
basins, because (1) the trench-parallel length of local 
slip patches is highly uncertain, whereas the regional 
model places slip along the entire margin and thus 
substantially includes all local slip patches; and (2) the 
landward extent of the regional rupture is approxi-
mately limited to the “stress line” where upper plate 
stress changes from compression to tension, as well as 
observing thermal limits, whereas local basin or bank 
ruptures are defined by the extents of banks or basins 
and associated gravity anomalies. The “stress line” is 
probably a somewhat better geologic basis for estima-
tion of the downdip limit of the rupture (interseismic 
locked zone) and is in reasonable agreement with GPS 
and leveling based models.
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SLIP DISTRIBUTION

The fourth branch of the logic tree considers two 
parameters for distribution of slip: location in a local 
basin, local bank or regional slip patch, and amount of 
seaward skew of slip from a symmetrical, bell shape. 
We used the following rationale to assign weighting 
factors to local slip patches located beneath two funda-
mentally different forearc structures: submarine banks 
versus submarine basins. We assigned a higher weight 
(0.7) to slip patches concentrating slip at submarine 
banks because mapped structures within the banks are 
contractional, indicating greater strain accumulation 
possibly linked to strong coupling on the locked zone 
beneath the banks. This assignment is based on the 
assessment of independent lines of evidence for stress 
heterogeneity in Cascadia and is guided by results from 
Sumatra as discussed in previous sections. In our study, 
we are most interested in local areas of high slip where 
tsunamis will be generated as opposed to broad regions 
that cumulatively may have high moment release; thus 
we weight potential high-slip areas independently of 
models that propose mechanisms for regions of high 
moment release. 

The hypothesis that local slip patches concentrate slip 
below submarine basins was assigned a weight of 0.3. 
This alternative model is considered because of global 
correlations between regions of high moment release 
and offshore gravity lows attributed to forearc basins 
(Wells and others, 2003). As explained previously, sub-
marine basins in the Cascadia forearc have extensional 
faulting on the landward limb of each basin sugges-
tive of low rather than high plate coupling; hence, the 
lower weight for the basin slip patch model. The 0.7:0.3 
weight ratio for these two models reflects the majority 
view of the author team. A minority view was to assign 
a ratio of 0.5:0.5. Slip was quadratically scaled to the 
width of the basin or bank, achieving essentially a sym-
metrical taper of slip scaled to the geometry of the geo-
logic feature rather than the “stress line” considered for 
the regional rupture.

Also considered in the fourth branch of the logic 
tree are two alternative downdip distributions for 
slip on regional ruptures. A symmetric slip function 
(q = 0.5) of the distribution calculation of Wang and 
He (2008) based on Freund and Barnett (1976) and a 
seaward skew (q = 0.3). Coastal subsidence predicted 

by the seaward skewed slip distribution is systemati-
cally less than that predicted by symmetric slip on the 
same fault patch (for further discussion, see Appendix 
A). The symmetric slip distribution was judged some-
what more likely than the seaward skewed slip, because 
the skewed distribution results in poorer fit to coastal 
paleosubsidence data of Leonard and others (2004) for 
the 1700 AD Cascadia event (Appendix A). The ratio of 
symmetric to seaward skew weights is thus 0.6:0.4.

Distant Tsunami Sources
We investigated two distant tsunami scenarios in 

order to simulate the largest historical event and a 
hypothetical maximum considered event; both tsuna-
mis are triggered by Mw ~9.2 earthquakes in the Gulf 
of Alaska (Figures 16 and 17). The vertical deformation 
inferred by Johnson and others (1996) from a tsunami 
inversion provided the initial condition for simulation 
of the largest historical event, the 1964 Prince Wil-
liam Sound earthquake (Figure 17). The hypothetical 
source of the TPSW (2006) causing the largest distant 
tsunami at Seaside, Oregon (their source 3) was used 
as an approximate maximum considered event (Figure 
18). This source has four segments with 15, 20, 25 and 
30 m of slip (see TPSW’s Table 6, p. 41) and maximum 
uplift over twice as high as that inferred for the 1964 
earthquake (Figures 17 and 18). This large uplift is in 
a relatively narrow “spike” near the surface trace of the 
fault and is caused by a singularity in the Okada (1985) 
uniform slip model (Titov, 2008, personal commu-
nication). The “spike” has little effect on the resulting 
tsunami relative to the broader area of 3-5 m uplift to 
the northwest (Titov, 2008, personal communication). 
TPSW (2006) demonstrated that the larger size of this 
tsunami relative to the 1964 event is caused by better 
directivity to the northern Oregon coast.

Hydrodynamic Tsunami Modeling
Vertical components of deformation from selected 

Cascadia and the two Alaska earthquake sources pro-
vided the initial conditions for final tsunami simula-
tions. Fifty-five simulations were completed for the 
final exercise but ~250 earlier simulations provided 
information on sensitivity to numerical grid spacing 
and source characteristics. All simulations assumed an 
instantaneous static deformation as the initial condi-
tion. The finite element model SELFE (Zhang and Bap-
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Figure 17. Coseismic deformation from the 1964 Prince William Sound earthquake from Johnson and others (1996); blue 
isolines with negative values indicate coseismic subsidence; red isolines indicate coseismic uplift. Shown for comparison is 
the area of uplift from the theoretical maximum considered distant tsunami source of Figure 18.

Figure 18. Maximum considered distant tsunami source from the Tsunami Pilot Study Working Group (TPSW, 2006) analysis 
for Seaside, Oregon; blue isolines with negative values indicate coseismic subsidence; red isolines indicate coseismic uplift. 
Shown for comparison is the area of uplift from the 1964 Mw 9.2 earthquake.
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tista, 2008) simulated propagation and inundation with 
an unstructured numerical grid using post-earthquake 
topography. Grid spacing for simulation of local Casca-
dia sources varied from 200 m at the source to 2.2 m in 
parts of Cannon Beach with detailed topographic data 
(Figures 19 and 20). Deep ocean propagation of the dis-
tant tsunamis used grid spacing on the order of ~11 km. 
Each Cascadia simulation was run for at least two hours 
of “tsunami time.” Some simulations were run longer 
(up to 8 hours of “tsunami time”) in order to check the 
importance of inundation from later refracted waves 
and to accommodate propagation from the two distant 
tsunami sources in Alaska. An 8-hour simulation of a 
Cascadia source revealed that wave height decreased 
significantly after 2 hours, so later arriving waves were 
smaller and did not “stack” in lowlands (Ecola Creek).

Tides
Tidal effects can be an important factor in simulation 

of inundation (Myers and Baptista, 2001). All simula-
tions in this investigation were run at 2.711 m above 
geodetic mean sea level NAVD 1988 based on mean 
higher high water (MHHW) at the Astoria, Oregon, 
tide gauge. Neglecting nonlinear effects, TPSW (2006) 
did a probabilistic analysis of tides for Seaside, Oregon, 
and concluded that the effect of tides for a 500-year 
Cascadia tsunami decreased open coastal runup by 0.7 
m from their assumption of tide at mean high water. 
Our assumption of MHHW for the Cascadia tsunami 
simulations is therefore conservative.

With regard to simulation of the distant tsunami 
from Alaska, no local tide gauge data are available to 
compare how closely the assumption of MHHW is 
to the actual tide on March 28, 1964. The peak of the 
tsunami arrived at Neah Bay, Washington, at 7:28 
AM GMT and at 8:48 AM GMT at Crescent City, 
California, (tide gauge data from NOAA West Coast 
and Alaska Tsunami Warning Center website, http://
wcatwc.arh.noaa.gov/). Cannon Beach is 38 percent 
of the distance between Neah Bay and Crescent City, 
so arrival was probably close to 8:00 AM GMT. Our 
simulation predicts arrival in 4 hours 4 minutes (7:39 
AM) for an initial 5-m wave followed 6 minutes later 
by a 6-m wave. Tide at the nearest tide gauge at Garib-
aldi, Oregon, was ~0.9 m above local mean sea level 
at these two times, corresponding to 0.3 m lower than 
the MHHW of the simulation. According to tide gauge 

data at Garibaldi, the Alaska wave arrived about one 
hour before the high tide. Myers (1999) found that such 
flood tides could amplify locally generated tsunamis 
beyond simple addition of the tidal elevation to the 
tsunami elevation. Using the 1964 Alaska tsunami as 
an example, Myers and Baptista (2001) demonstrated 
these nonlinear effects decrease with distance from 
the source. It is likely that there was some nonlinear 
amplification of the Alaska tsunami by the flood tide, 
but determining whether MHHW (0.3-m higher than 
in 1964) approximates it requires a simulation with 
dynamic effect of tide. This exercise was beyond the 
scope of the investigation.

Comparison of Simulated Tsunami to Observations
Distribution of three prehistoric (paleotsunami) 

deposits and observations of historic tsunami inunda-
tion from Witter (2008) served as ground truth checks 
of the tsunami modeling approach. Inland reach of 
paleotsunami deposits marks the minimum inundation 
of tsunamis. Match of simulated inundation, runup, 
and flow depths to observations of the tsunami from 
the 1964 Prince William Sound earthquake tested accu-
racy of the hydrodynamic model and inputs. Tsunami 
simulations used as inputs digital elevation models of 
the modern topography for the 1964 simulation and 
prehistoric landscapes for paleotsunami simulations.

Observations of the March 27, 1964, Tsunami
Eyewitness reports in newspaper stories released 

days after the 1964 tsunami afford credible information 
from which to estimate the extent of inundation, flow 
depths, and the elevation of wave runup. See Witter 
(2008) for detailed discussion of data collection meth-
ods.

Paleotsunami Deposits
Observations of subsurface stratigraphy beneath the 

lower Ecola Creek valley and, to a limited extent, an 
upland swale in the vicinity of the Cannon Beach City 
Hall formed the basis for mapping the extent of paleo-
tsunami deposits. Field teams used 2.5-cm-diameter 
gouge cores to determine the presence or absence of 
sand layers interrupting sequences of freshwater peat 
and mud deposited beneath the floodplain and wet-
lands of Ecola Creek. Sediment attributed to tsunami 
deposition met the following ten criteria:

http://wcatwc.arh.noaa.gov/
http://wcatwc.arh.noaa.gov/
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Figure 19. Unstructured computational grid used in tsunami simulations. The left panel shows the full grid. The right panel 
is the area near Ecola Creek. BC = British Columbia; CB = Cannon Beach.

Figure 20. Grid resolution expressed as the equivalent radius of each numerical grid element plotted against bathymetric 
depth (negative depths are above mean higher high water [MHHW]). Graph demonstrates that resolution changes 
gradationally from tens of kilometers in the deep ocean to a few meters on land.
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•	 Sand deposit consists of well-sorted, quartz-rich 
sand and rounded augite grains;

•	 Brackish-marine diatoms present;
•	 Deposit thins and/or sand grain size fines in a 

landward direction;
•	 Normally graded beds and/or mud lamina pres-

ent;
•	 Ripup clasts present in the deposit;
•	 Lower contact of deposit is sharp or shows evi-

dence of erosion;
•	 Organic debris present at top of deposit;
•	 Deposit is extensive over hundreds of meters;
•	 Deposit is coincident with a buried soil subsided 

by an earthquake;
•	 Deposit age overlaps with regional evidence for a 

Cascadia earthquake or tsunami.
For further details on paleotsunami investigation 

methods, see Witter (2008).

Reconstructing the Prehistoric Landscape
Comparison of inundation to distribution of paleot-

sunami deposits from Cascadia tsunami was accom-
plished by simulations run on a 1000-year B.P. landscape 
(digital elevation model) reconstructed by removal of 
artificial fills from the modern landscape and infer-
ring the paleolandscape from analysis of coastal ero-
sion data, cores, and ground penetrating radar surveys 
(Peterson and others, 2008). 1,000 years corresponds 
approximately with the age of the tsunami deposit that 
reaches farthest inland of the three deposits mapped 
in the Ecola Creek valley by Witter (2008). Because sea 
level ~1,000 years ago was ~1 m lower (Witter, 2008) 
and sedimentation in coastal Oregon estuaries keeps 
pace with rising sea level, terrain underlain by Holo-
cene sedimentary deposits was assumed to be ~1 m 
lower than the modern surface. The net result is a 1-m 
increase in relief between Holocene deposits and older 
rock uplands. Lowering the valley floor of Ecola Creek 
or raising adjacent uplands by 1 m simulates prehistoric 
relief; we chose the latter approach in order to simplify 
numerical grid construction. The former option would 
have required modification of the entire offshore bathy-
metric grid.

Sensitivity of simulated inundation to removal of 
1,000 years of coastal erosion was examined by moving 
the shoreline at sedimentary rock bluffs and attached 
sand spits 70 m west. This value was calculated by 
assuming a conservatively high erosion rate from his-

torical data on the northern and central Oregon coast 
taken from Allan and Priest (2001) and Priest and Allan 
(2004). Modern erosion rates are highly variable, 6 ± 
7.6 cm/yr, for sedimentary rock bluffs on the northern 
Oregon coast, generally decreasing from the central 
coast to the north (Allan and Priest, 2001). Coseismic 
subsidence probably augments erosion after each of the 
three tsunamis; however, we found no definitive obser-
vational data on how long such erosion persists or how 
rapid it might be. We assumed that erosion rates during 
these intervals approximate rates in sand-starved lit-
toral cells of the central Oregon coast that experience 
wave strike for most of the year. An erosion rate of 24 
± 12 cm/yr measured on a sedimentary rock bluff fully 
exposed to waves at Beverly Beach in Lincoln County, 
Oregon (Priest and Allan, 2004), was used to approxi-
mate the conditions after coseismic subsidence. Retreat 
of the coast would be ~15 ± 6 m from coseismic subsid-
ence, assuming ~20 years of higher sea level after each 
of three earthquakes. Assuming that gradual coastal 
erosion in between these three 20-yr intervals was 6 
± 7.6 cm/yr, this amounts to an additional 56 ± 72 m, 
for a total of 71 ± 72 m of erosion. We assumed ~70 
m. Basalt bluffs were not similarly translated because 
of negligible erosion rates at crystalline rock headlands 
(Allan and Priest, 2001; Priest and Allan, 2004). 

Because there were no definitive data constraining 
prehistoric dune height, we tested sensitivity to bar-
rier dune height by constructing two digital elevation 
models (DEMs) to represent the two extremes for pre-
historic dune height. One landscape included a barrier 
dune with the same topographic relief as the present 
foredune. The current dune is probably at the maxi-
mum height for the last 1,000 years as introduction 
of European beach grass has generally increased dune 
height in modern times. The second landscape had no 
barrier dune fronting the estuary. 

Comparison of Simulated Coseismic Deformation 
to Observations

Another means of testing validity of the simulations 
is to compare simulated coseismic subsidence for Cas-
cadia scenarios to subsidence estimated from paleo-
subsidence data. We used data compiled by Leonard 
and others (2004) and Nelson and others (2008) for the 
AD 1700 Cascadia earthquake, a magnitude ~9 event 
(Satake and others, 2003).
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CASCADIA EARTHQUAKE SOURCES

Modeled coseismic vertical deformation from Cas-
cadia earthquakes at the latitude of Cannon Beach 
ranged from nearly 17 m to ~2 m (Figure 21). The 25 
Cascadia source scenarios selected for tsunami hazard 
assessment are compared in Figure 21 to the 12 sce-
narios of TPSW (2006). We simulated tsunami runup 
and inundation from all of the sources depicted in 
Figure 21 using post-earthquake topography. The final 
25 source scenarios were selected after elimination of 
some source parameters from an early version of the 
logic tree and after elimination of some sources that 
produced small tsunamis of similar size. 

SOURCE SCENARIOS ELIMINATED FROM THE 
ANALYSES

We eliminated all but one of the “Small” source sce-
narios in order to save computational time simulating 
low-impact tsunamis. Initial tests of “Small” scenarios 
revealed that all have runup at the open coast of ≤ 8.4 m 
(NAVD 88) and generally below 7.7 m over 90 percent 
of the area. Variations in seismic parameters for these 
scenarios contributed little to the overall hazard owing 
to low weighting factors and small inundation. Only 
the “Small” scenario with the highest weight, Small 9 
with open coastal runup of 5.5 to 6.0 m, was simulated 
for tsunami propagation and inundation. This source 
has symmetric slip of ~8 m on a regional buried rup-
ture. This reduced the number of Cascadia scenarios 
in the logic tree (Figure 15) from 32 to 25. To calculate 
percentile inundation lines based on weighting factors 
summed for all runs at each grid cell in the composite 
hazard map, the most probable small scenario, Small 9, 
was assigned the entire weight of all “Small” scenarios, 
0.25. Figure 22 illustrates the weighting factors for 32 
versus 25 scenarios.

SOURCE PARAMETERS ELIMINATED FROM THE 
ANALYSES

Increasing or decreasing the regional rupture width 
from the best fit to paleoseismic data (see Figure 4 of 
Appendix A) did not produce enough change in tsuna-
mi inundation or wave arrival to justify inclusion in the 

logic tree. Increasing rupture width of regional rupture 
scenarios by 20 km produced no significant difference 
in inundation, runup (Figure 23; Table 5), or peak wave 
arrival but did decrease the time of first significant 
rise of water level at the coastline (Figures 24 and 25). 
Decreasing rupture width by 20 km amplified water 
elevation at the open coast (Figure 24; Table 5) owing to 
the larger amplitude of the deformation, but had little 
effect on inundation (Figure 23; Table 5) or peak wave 
arrival time (Figure 24). Increasing seaward skew of 
slip made a significant difference in open coastal runup 
but little difference in inundation (Figure 23; Table 5) 
or wave arrival time (Figure 24). Changes in tsunami 
inundation from narrowing the rupture by 20 km are 
approximately duplicated by changing skew from q = 
0.5 (symmetric) to q = 0.3 (seaward skewed) (Figure 23; 
Table 5). Freund and Barnett (1976) preferred a q value 
(skewness) of 0.3 on the basis of limited observations 
of coseismic vertical deformation caused by the Mw 
9.2 Alaska earthquake of 1964. For these reasons, we 
retained the seaward skew parameter in the logic tree 
but eliminated the variation in rupture width. 

TSUNAMI ELEVATION AND INUNDATION FOR 
FINAL CASCADIA SCENARIOS

Water depth at the open coast (at 0 m NAVD 88, Sta-
tion cb009, Figure 25) for scenario tsunamis varied 
from 3 to 18 m (Figures 26 and 27), while inundation 
up Ecola Creek varied from ~1.5 to 3.8 km (Figure 28). 
The cumulative logic tree weights for overlapping sce-
nario tsunamis are illustrated in two ways: (1) Percent 
confidence that each scenario water depth or inunda-
tion is equal to or larger than a potential Cascadia tsu-
nami (Figures 26 and 29) and (2) cumulative weighting 
factor for overlapping scenario inundations (Figures 
27 and 28). The latter, more standard representation is 
simply the inverse of the former and provides a crude 
means of comparing how Cascadia wave elevations and 
inundations at Cannon Beach compare to those of the 
TPSW (2006) by assuming that all twelve of the TPSW 
stochastic sources have equal logic tree weights within 
the TPSW framework for Cascadia tsunami scenarios. 
Tsunami inundation and runup of the TPSW (2006) 
generally explore a narrower range of extreme inunda-
tion and runup relative to scenarios of this investigation 

RESULTS
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Figure 21. West-to-east cross sections of coseismic deformation for all Cascadia earthquake source scenarios. Cross sections extend from 
the deformation front to the shoreline at Cannon Beach, Oregon. The final 25 tsunami sources used for this investigation (colored lines) 
have major uplift mostly landward (east) of stochastic scenarios developed by the U.S. Geological Survey for the Tsunami Pilot Study 
Working Group (2006) (gray lines). Scenarios of the same color but decreasing deformation have decreasing fault slip at values of ~38, 
~22, and ~15 m with one scenario, Small 9, at ~8 m. Titles on each graph explain the type of slip distribution used; see also the logic tree 
(Fig. 15) for explanation of source scenario names in each legend.
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Figure 22. Logic tree weights for 32 versus 25 tsunami source scenarios. Note that the most probable scenario for the original 
logic tree of 32 scenarios is Average 14. Reduction to 25 scenarios causes Small 9 to have an artificially high weight from adding all 
weighting factors from the other “small” scenarios. This reduction to 25 scenarios does not change the judgment of the authors that 
Average 14 is the most probable (preferred) scenario. 
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Figure 23. Difference at Cannon Beach, Oregon, between inundation for regional splay fault slip patch 
scenarios with differing rupture width and skew. All simulations use sources with “Average” fault slip of 
~15 m. Simulations use an early numerical grid and early version of the SELFE hydrodynamic model, 
so inundations are significantly different from those used for the final inundation map but still useful for 
comparison. Medium = best-fit rupture width to geological data with symmetrical skew of slip (q = 0.5); 
wide = medium rupture width plus 20 km; narrow = medium rupture width minus 20 km; medium seaward 
skewed = medium rupture width with q = 0.3.
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Table 5. Tsunami water elevation and inundation differences resulting from changes in rupture width and skew. 

Rupture Width 
Scenario Skew (q)

Maximum  
Slip (m)

Maximum 
Offshore Uplift 

(m)

Maximum 
Offshore 

Subsidence (m)

Open Coastal 
Water Elevation 

(m, NAVD 88)

Maximum 
Inundation at 

Ecola Creek (km)
Wide 0.5 ~15 3.0 -1.3 9.6 1.6
Average 0.5 ~15 2.9 -1.5 10.2 1.8
Average 0.3 ~15 3.1 -1.0 13.3 1.6
Narrow 0.5 ~15 3.8 -0.8 12.7 1.6

All values are for “Average” slip of ~15 m on a Cascadia rupture without partition of slip to a splay fault (buried ruptures). Skew (q) of 
0.5 is symmetric and for 0.3, seaward skewed; average rupture width is a best fit to AD 1700 paleosubsidence data and stress transi-
tion of Figure 12; wide and narrow widths are plus and minus 20 km from this average, respectively. Water elevations are measured 
at the open coastal shoreline at the point labeled “observation point for water elevations” in Figure 22; inundation is measured 
along the dashed line in Figure 22. These preliminary tsunami simulations used an early version the SELFE hydrodynamic model 
(v1.5e14); final simulations used a later version of SELFE (v1.5i11). Note: Only maximum offshore or coastal uplift and subsidence is 
listed, because inland deformation has no effect on the tsunami inundation or runup. NAVD 88 is North American Vertical Datum 
of 1988.

Figure 24. Sensitivity of wave arrival at Cannon Beach, Oregon, to Cascadia fault rupture width and slip distribution for splay fault 
scenarios with “average” slip of ~15 m. The “wide” and “narrow” regional ruptures are regional slip patches with symmetric slip 
but rupture width increased or decreased by 20 km, respectively. Mean higher high water (MHHW) = 2.71 m NAVD 88. MHHW is 
the tidal level for all simulations. Note how all simulations start with some degree of instantaneous drop in water level. This drop 
is caused by coseismic subsidence from the earthquake source scenario. Both the earthquake deformation and MHHW tide are 
initial conditions for simulations. Data are from near the open coastal shoreline (Station cb009, Figure 25). Simulations use an early 
fault dislocation model (fb76 slip distribution without the modification by Wang and He [2008] and early version of the SELFE 
hydrodynamic model, so elevations and arrival times are slightly different from those used for the final inundation map.
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Figure 25. Observation lines and points for inundation, maximum wave elevations, and time histories of wave arrivals. 
Red observation line for maximum wave elevation data approximates the limit of inundation on steep slopes at the open 
coast; yellow line approximates the shoreline (0.0 m NAVD 88). Blue to orange colors bounded by black lines illustrate 
elevation and water depth in 2-m intervals; labels in white indicate water depth relative to the NAVD 88 datum.
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Figure 26. Cumulative percent confidence that tsunami water depth will be less than the scenario depth for a Cascadia 
tsunami (~500-yr event). Average 14 is the preferred scenario that received the highest logic tree weight for the full 
32-scenario analysis. Water depths of the maximum distant tsunami scenario (source 3 of Tsunami Pilot Study Working 
Group [2006]), the 1964 Alaska distant tsunami, Oregon Department of Geology and Mineral Industries (DOGAMI) 
regulatory tsunami line (Priest, 1995a; Olmstead, 2003) used for implementation of the 1995 Oregon State Senate Bill 
379, and tide assumed for all simulations are shown for comparison. All tsunami water depths are from a point located 
on the open coastal shoreline at 123.966586° W, 45.891190° N at approximately 0.0 m elevation NAVD 88 (purple star 
in Figure 25). 
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Figure 27. Water depth data as in Figure 26 but in terms of cumulative logic tree weight instead of percent confidence. Lowest depth 
scenario in each case is overlapped by all other scenarios, so it has a cumulative weight of ~1.0; hence, this chart is the inverse of the one 
in Figure 26. Included for comparison are data for the 12 stochastic sources used by the Tsunami Pilot Study Working Group (TPSW, 2006); 
each is assumed to have one twelfth of the total logic tree weight of 1.0. Note: TPSW water depths shown by open squares are inferred 
from results of an earlier version of the SELFE hydrodynamic model compared to four 2008 simulations (solid squares)

Figure 28. Inundation up the 
Ecola Creek channel versus 
cumulative logic tree weight 
versus scenarios of the TPSW 
(2006). The same method 
of calculation is used as for 
Figure 27. Also shown for 
comparison are maximum 
inundation from the 1964 
Alaska tsunami and maximum 
considered distant tsunami 
from the Gulf of Alaska (source 
3 of Tsunami Pilot Study 
Working Group [TPSW], 2006). 
Note: Inundation for the TPSW 
scenarios is inferred from 
four 2008 simulations (solid 
black squares) and scaling 
linearly between these four 
inundations corresponding 
open coastal water levels 
estimated from a 2007 version 
of the SELFE hydrodynamic 
model (open black squares). 
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Figure 29. Relationship between inundation for selected regional slip patch scenarios, minimum and maximum inundation 
for Tsunami Pilot Study Working Group (TPSW, 2006) scenarios, and isolines of percent confidence. The isolines depict 
confidence that inundation for a 500-yr Cascadia tsunami will be less than the isoline. Note the close correspondence of 
some regional slip patch scenarios to isolines and extension of largest Tsunami Pilot Study Working Group scenario past 
the largest inundation of this investigation. The minimum Tsunami Pilot Study Working Group scenario approximates the 
96 percent inundation line (not plotted).
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(Figures 27 and 28). Most of the 12 tsunami scenarios 
of TPSW are skewed toward “Largest” scenarios of this 
investigation, equivalent to ≤0.04 cumulative weight in 
Figures 27 and 28 (≥96 percent confidence, Figures 26 
and 29). Scenario Largest 14 approximates the ~99 per-
cent isoline, Large 14 the 90 percent isoline, Average 
14 the 70 percent isoline, and Small 9 at the 10 to 30 
percent isolines (Figure 29). The latter correspondence 
is an artifact, because Small 9 has all of the logic tree 
weight for “Small” scenarios (Figure 22); thus isolines 
for 10 to 30 percent are collapsed together. Simulating 
the other seven “Small” scenarios would have spread 
out these isolines.

EFFECT ON INUNDATION AND RUNUP OF SLIP, 
SPLAY FAULTING, AND SLIP PATCHES

Slip magnitude was the most important control of 
inundation and runup, both of which increased linearly 
with scenario slip (Figure 30). The next largest differ-
ences between scenarios were caused by increasing 
uplift through splay faulting and distributing slip into 

regional versus local bank or basin slip patches (Figure 
31; Table 6). Local basin slip patch scenarios produced 
much smaller runup or inundation relative to all other 
scenarios (Table 6), because the nearest basin slip patch 
simulated is ~100 km south of Cannon Beach (Figure 
16). 

For scenarios with significant coseismic deforma-
tion, amplification from greater uplift on the splay fault 
relative to a buried megathrust rupture varied widely 
depending on how much of the slip was distributed 
seaward of the splay. Slip distribution on the megath-
rust for splay fault models is simply cut off at the splay 
fault, so the potential slip distributed seaward of the 
splay does not participate in the coseismic deforma-
tion. Amplification by splay faulting was 6 to 31 per-
cent for tsunami water level at the open coast and 2 to 
20 percent for inundation up Ecola Creek (Figure 31). 
Amplification by incorporation of a splay was negligi-
ble for basin slip patches owing to low slip everywhere 
in basins, increased with seaward skewed regional slip 
patches, further increased for bank slip patches, and 
was largest for regional slip patches with symmetri-

Figure 30. Linear relationship between fault slip and tsunami inundation 
or tsunami elevation at the shoreline (0.0 m NAVD 88). Tsunami elevation is 
labeled “run-up” on the graph. Water elevations are measured at observation 
point cb009 on Figure 25; inundation is measured along the transect shown 
in Figure 25.
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Amplification by Splay Fault: Tsunami Water Level and Inundation versus Coseismic Uplift 
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Figure 31. Percent amplification by the splay fault relative to buried rupture source of water level at the shoreline and inundation up Ecola 
Creek versus percent amplification of seafloor uplift by the splay fault. Av is Average; Lg is Large; Lgst is Largest; Amp. is amplification; 
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Table 6. Tsunami water elevation and inundation differences between regional versus local (bank or basin) slip patches and splay fault 
versus buried rupture scenarios. 

Scenario
Rupture  

Type

Slip  
Patch  
Type

Maximum  
Slip (m)

Maximum 
Offshore  
Uplift (m)

Maximum 
Offshore 

Subsidence 
(m)

Open Coastal 
Water 

Elevation 
 (m, NAVD 88)

Maximum 
Inundation at 

Ecola Creek 
(km)

Average 1 splay fault local bank ~15 5.3 -1.3 8.5 2.4
Average 2 splay fault local basin ~15 0.4 -0.4 5.3 1.5
Average 6 buried fault local basin ~15 3.4 -1.3 7.7 2.2
Average 9 buried fault regional ~15 2.8 -1.6 7.6 2.5
Average 14 splay fault regional ~15 6.7 -1.5 9.8 2.7

All source scenarios use an “average” maximum slip corresponding to 525 years of convergence on the Cascadia subduction zone (~15 m 
at the latitude of Cannon Beach). Observation points for water elevation at the open coast (labeled runup) and inundation are the same 
as in Table 5 (see Figure 25). Only maximum offshore or coastal uplift and subsidence is listed, because inland deformation has no effect 
on the tsunami inundation or runup. NAVD 88 is North American Vertical Datum of 1988.
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cal slip distributions (Figure 31). The seaward skewed 
slip scenarios had only ~2 percent amplification of 
inundation and 6 to 7 percent for water level at the 
open coast even though the splay fault amplified off-
shore uplift by 114 percent (Figure 31). The reason for 
the complex relationship between uplift and tsunami 
impact is that total water displaced is as important as 
maximum uplift. Cross sections in Figure 21 illustrate 
that the seaward skewed slip on buried ruptures (e.g., 
Largest 10) produces large amounts of slip and uplift 
west of the splay fault where water is deeper, but splay 
fault amplification affects just the slip in shallow water 
where the seaward skewed model has less slip than the 
symmetrical model (e.g., compare Largest 12 to Largest 
14 in Figure 21). 

Alaska 1964 Tsunami Simulation
Inundation from the 1964 Alaska tsunami (Figure 

32) was generally near the lower threshold for all Cas-
cadia tsunami scenarios (Figures 28 and 33) at ~6.5 m 
NAVD 88. Flow depth and inundation from the simula-
tion closely matched observations gleaned from histor-
ical records (Witter, 2008) (Table 7; Figure 32). Match 
to observed inundation was improved in two trials by 
refining the numerical grid defining the Ecola Creek 
channel and highway embankments. The unstruc-
tured numerical grid of the SELFE model made such 
local refinements relatively easy. Localities with highest 
quality historic observations were Bell Harbor Motel 
with 1.5 m (5 ft) maximum flow depth and Steidel 
House with 0.8 m (2.5 ft) maximum flow depth (Figure 
32). The simulation predicted flow depths of 1.6 m at 
Bell Harbor Motel and 0.8 m at Steidel House. The 
simulation also matched all but one of the localities 
along Spruce Street (Table 7). In front of the foredune 
in downtown Cannon Beach, 1964 tsunami runup 
reached an estimated elevation of 6.1 m (NAVD 88); 
the simulation predicted 6.7 m. Simulated inundation 
on the landward side of the foredune is slightly less than 
that estimated from historical accounts (Figure 32), but 
the historical inundation is highly uncertain in this area. 
There also have been some alterations to the landscape 
in this same area since 1964. Considering uncertainties 
in geometry of the Prince William Sound earthquake 
source, previously mentioned nonlinear effects of tidal 
flow, and the 0.3-m difference in tide between the simu-
lation and estimated tide, the simulated and observed 
inundations are remarkably close.

Theoretical Maximum Considered Distant Tsunami 
Simulation

Water elevation at the open coastal shoreline for the 
maximum considered Gulf of Alaska tsunami reached 
~11 m, similar to the Cascadia splay fault scenarios, 
Average 12 and 14 (Figure 26). Inundation at Ecola 
Creek from this Alaska tsunami was lower than these 
two splay fault scenarios, falling at the ~35 to 40 per-
cent confidence isolines for Cascadia tsunamis (Figures 
28 and 33). An exception is in a small drainage through 
the coastal bluff near the Cannon Beach City Hall where 
this scenario inundates to the ~60 percent confidence 
boundary with water elevation of 11.5 m (Figure 33).

Local Amplification of Open Coastal Runup
Runup was amplified by up to 40 percent at near-

shore bathymetric lows, especially if combined with 
small U- or V-shaped valleys where the ~30 m contour 
penetrates < 1 km inland (Figures 25 and 34). Maxi-
mum open coastal runup was 30.3 m in the Tolovana 
area. Cascadia sources of the TPSW (2006) reached a 
maximum runup of 34.7 m in the same area. Below is 
a summary of runup and approximately matching iso-
lines of percent confidence for Cascadia tsunamis from 
regional slip patch scenarios. Values are representative 
of most open coastal sites with maximum values in 
parentheses:

•	 Largest 14 (~99% isoline): ~20 m runup (30.3 m)
•	 Large 14 (~90 % isoline): ~13 m runup (15.9 m)
•	 Average 14 (~70% isoline, preferred scenario): 

~10 m runup (12.2 m)
•	 Average 9 (~50% isoline): ~8 m runup (9.4 m)
•	 Small 9 (~6–10% isoline): ~5.5 m (6.1 m)
The 1964 Alaska teletsunami was amplified where 

funneled into the mouth of Ecola Creek where it 
reached 7.5 m (NAVD 88). The maximum-considered 
teletsunami from Alaska was amplified in the same 
places as the Cascadia tsunamis, reaching a maximum 
of 12.5 m.

Tsunami Arrival Time and Velocities
Cascadia coseismic uplift closer to shore caused 

sooner tsunami arrival onshore. The first tsunami 
peak is the largest wave in all of the Cascadia simula-
tions, arriving between 24 and 34 minutes after the 
earthquake (Figures 35 and 36). Local bank slip patch 
scenarios always have the earliest wave arrival (Figure 
36), because the source uplifts extend farther toward 
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Figure 32. Simulated versus observed inundation from the 1964 teletsunami at Cannon Beach. Steidel House and Bell Harbor Motel are 
localities with high-quality estimates of tsunami flow depth. Observed inundation on the east side of the foredune is highly uncertain 
and is based on estimates of flow depth near the creek channel.
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Figure 33. Inundation from the 1964 and maximum considered distant tsunami compared to isolines of percent confidence 
for capturing all variability in Cascadia inundation.
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Table 7. Comparison of observed water depths and elevations during the 1964 Alaska tsunami at Cannon Beach, 
Oregon, to results of tsunami simulations.

Site

Tsunami Flow Observations Simulation Results

Depth (m)*
Elevation  

(m, NAVD 88)# Depth (m)
Elevation  

(m, NAVD 88)
Bell Harbor Motel 1.5 6.2 1.6 6.2
Steidel House 0.8 5.8 0.8 5.9
3rd and Spruce St. 0.3 5.6 0 <5.3 (~4.2 )
2nd and Spruce St. 0.3 3.8 0.3 3.8
1st and Spruce St. 0.3 4.1 0.1–0.3 3.8

Elevation of simulation in parentheses is tsunami elevation nearest to an observation point that was dry in the simu-
lation; < symbol indicates that simulation was less than this ground elevation at the observation point.
* Water depth estimates are based on eyewitness observations noting water damage and water marks on buildings  
  and depth of flooding along the main street in downtown Cannon Beach (Witter, 2008).
# Minimum water level elevation estimate relative to the mean lower low water (MLLW) tidal datum is equal to the  
  sum of the observed water depth and the North American Vertical Datum of 1988 (NAVD 88) elevation of the site. 
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the shore than the regional rupture scenarios (Figure 
21). Water begins to rise immediately after the earth-
quake at a bank slip patch scenarios (Figure 36). First 
rise of water level for all Cascadia scenarios was at 2 to 
14 minutes, reaching half of the peak height at 14 to 30 
minutes (Figures 35 and 36). Half the peak height for 
Cascadia tsunamis was equal to or less than ~5 to 14 m. 
For the regional rupture scenarios, the splay fault cases 
arrive earlier than equivalent buried rupture cases (Fig-
ures 35, 36, and 37), because the buried ruptures have 
peak uplifts west of the splay faults (Figure 21). Peak 
water levels for tsunami scenarios of TPSW (2006) 
arrive a few minutes later than most of our Cascadia 
tsunamis (Figure 35) because peak uplifts are farther 
offshore (Figure 21). Cascadia source scenarios with 
identical slip distribution but increasing slip produce 
tsunamis that have decreasing arrival times for first rise 
of water but nearly synchronous peak arrival (Figure 
37), because larger slip produces wider uplift (Figure 
21). 

Source scenarios with seaward skew of slip (scenar-
ios 10 and 12) and the basin slip patch sources (sce-
narios 2 and 7) created small leading depression waves 
owing to offshore subsidence (Figure 21); all others had 
leading elevation waves (Figures 35, 36, and 37). A lead-
ing depression wave amplifies runup at the open coast 
(Tadepalli and Synolakis, 1994), but these small leading 
depression waves had little effect on tsunami impact 
compared to degree of uplift in deep water (e.g., com-
pare seaward skewed to symmetric distributions for 
regional slip patches in Figures 35 and 36).

The two distant tsunamis differed little in first wave 
arrival time but showed contrasting patterns of wave 
height. The maximum considered distant tsunami 
scenario had highest runup during the first wave, at 4 
hours 6 minutes after the earthquake (Figure 38); first 
rise in water level was 5 minutes prior. In contrast, the 
1964 Alaska tsunami had a 5-m wave arrival at 4 hours 4 
minutes followed 6 minutes later by a 6-m wave (Figure 
39). First rise of water level for the 1964 tsunami was 
6 minutes before the first wave peak (Figure 39). The 
maximum considered distant event had a slight leading 
depression wave (Figure 38); the 1964 tsunami had a 
leading elevation wave (Figure 39).

Velocities varied in concert with wave elevations 
(Figure 40) but were largest in the Ecola Creek channel 
and where the tsunami plunges down the back (east) 
side of the foredune at the mouth of Ecola Creek (Figure 

41). Peak Cascadia tsunami velocities at the open 
coastal shoreline were generally quite modest from 
initial Cascadia tsunami surge (≤ 3 m/sec), peaking on 
the withdrawing wave or the second arrival at ~40 to 
45 minutes after the earthquake (≤ 8 m/sec; Figure 40). 
Landward surge velocities increased from the shore-
line to the foredune in downtown Cannon Beach; for 
example, compare scenario Average 14 velocities at the 
shoreline in Figure 40 to maximum velocities immedi-
ately east in Figure 41. Maximum velocities inside Ecola 
Creek were as large as 22 m/sec for the largest Cascadia 
tsunamis (see maximum velocity data files on the DVD) 
owing to the funneling effect of water into the channel 
and large coseismic deformation for these earthquake 
sources. Distant tsunami velocities followed a similar 
pattern after they arrived but had lower velocities than 
the largest Cascadia tsunamis (Figures 42 and 43).

Correspondence of Cascadia Simulations to 
Paleotsunami Inundation

The inland extent of the three tsunami deposits 
mapped by Witter (2008) is 1.6 km and marks minimum 
inundation where Cascadia tsunamis over the last 1,000 
years (Table 8) stopped transporting and depositing 
sand. Sand deposition occurs when water velocity and 
turbulence reach a threshold minimum for transport. 
Any simulated tsunami inundation extending inland of 
mapped paleodeposits can therefore be consistent with 
the extent of sand sheets. Comparing the paleosand 
sheets to tsunami simulations is also made difficult by 
the unknown value and applicability of bottom friction 
(the simulation assumes zero friction) and unknown 
tide at the time of deposition (the simulation assumes 
mean higher high water). With these caveats in mind, 
we compared sand sheet distribution to inundation on 
paleolandscapes for two relatively small Cascadia tsu-
nami scenarios that use regional ruptures, Small 9 and 
Average 9. These two were chosen because they are 
regional ruptures, and they apply to a wider part of the 
coast than equivalent local slip patches. Scenario 9 is 
a buried rupture (no splay fault) on the Cascadia sub-
duction zone. The “Small” version has ~8 m slip and 
“Average” ~15 m slip at the latitude of Cannon Beach. 
The small slip scenario produces a tsunami with ~5.5 
m water elevation (NAVD 88) at the open coast (Figure 
26) and inundation insufficient to cover the ~1,000-
year tsunami deposits with or without the foredune at 
the estuary mouth (Figure 44). The “Average” slip sce-
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Figure 35. Tsunami arrival times for Cascadia splay fault sources (colored lines) relative to earliest and latest arriving tsunamis from 
Tsunami Pilot Study Working Group (TPSW, 2006) earthquake sources (light gray lines). Observation point is at the shoreline at point 
cb009 in Figure 25. Initial arrival times are identical within the 2-minute sampling interval for locations up to 10-m water depth offshore 
(e.g., see time history data on CD-ROM for point cb016, Figure 25). Largest 14 = symmetric slip distribution, regional slip patch; Largest 
1 = local bank slip patch; Largest 12 = seaward skewed slip distribution, regional slip patch; Largest 2 = local basin slip patch. All water 
elevations start below the prevailing tidal level owing to coseismic subsidence. Note that some water levels continue to decrease in the 
first 10 minutes after the earthquake; this indicates water withdrawal during arrival of a leading depression wave. (Note: Because time 
histories for TPSW scenarios were extracted from 2007 simulations, the numerical grid and version of SELFE differs from that used for 
the other plotted time histories simulated in 2008; however, initial wave arrival times for 2007 simulations are within ±1 minute for 2008 
simulations of the same earthquake source). 
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Figure 37. Time histories of wave elevation for key regional slip patch scenarios; observation point at Station cb009 
in Figure 25. AV is average.
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Figure 38. Time history of wave elevation for the maximum considered Alaska tsunami scenario; 5-hour simulation 
at Station cb009 in Figure 25.
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Figure 39. Time history of wave elevation for the 1964 Alaska tsunami scenario; 8-hour simulation at Station cb009 
in Figure 25.

Figure 40. Time histories of tsunami velocity for key Cascadia tsunami scenarios at the open coastal shoreline 
(Station cb009 in Figure 25). East (landward) = positive velocity; west = negative velocity. One meter per second 
equals approximately two knots, so maximum velocities vary from ~4 knots for scenario Average 9 to ~16 knots for 
Scenario Largest 14. AV refers to an “Average” source scenario with ~15 m slip.
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Figure 41. Maximum velocity map for the Average 14 (preferred) tsunami scenario, approximating the ~70 percent confidence level for 
all variability in velocity for Cascadia tsunami; contoured at 1 m/sec intervals (dashed lines); positive values indicate east velocity; negative 
values indicate west velocity; thick turquoise blue line indicates maximum inundation for the Average 14 scenario. (Note: Convert meters 
per second to knots by multiplying by 1.944; to miles per hour by multiplying by 2.237.) The 0 m/sec contour near the beach is an 
artifact of the change in direction of maximum current velocity between offshore and onshore. This contour marks the boundary where 
maximum current velocities of the withdrawing waves (negative values) are larger than maximum current velocities of landward surging 
waves (positive values).
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Figure 42. Time history of 1964 tsunami velocities at the open coastal shoreline (Station cb009 in Figure 25); 8-hour 
simulation. Negative values are west and south vector velocities.
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Figure 43. Time history of velocity changes for the maximum distant tsunami scenario at Station cb009 in Figure 25; 5-hour 
simulation. Negative values are west and south vector velocities.
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narios with buried ruptures for local bank slip patch 
(Average 6) or a regional slip patch(Average 9 produced 
maximum tsunami inundation at or beyond tsunami 
sand deposits even with a foredune (Figure 44). 

We found that basin slip patch scenarios are incom-
patible with the paleotsunami data. Basin slip patch 
sources require slip of ~38 m (scenarios Largest 2 and 
7) to achieve similar inundation to the “Average" (~15 
m slip) buried rupture scenarios (Figure 28). While this 
scenario is possible, and would be consistent with the 
distribution of the deposits, it is inconsistent with the 
slip inferred from times between turbidites in the last 
~1,200 years (Table 1). 

Other Cascadia scenarios with tsunamis larger than 
the “Average” buried rupture scenarios are also consis-
tent with paleotsunami deposits (Figures 28 and 29), but 
only the “Average” bank or regional slip patch scenarios 
are consistent with both paleotsunami deposits and slip 
inferred from turbidite data of Table 1. All these “Aver-
age” scenarios would be Mw ≥ ~8.5 earthquakes (Table 
3), but, in reality, the last four Cascadia earthquakes 
were probably full-margin ruptures based on correla-
tion of turbidites (T1–T4, Figure 4) and were separated 
by interseismic intervals of ~200 to 400 years (Table 1). 
Three of the last four turbidites (T1, T3, and T4) are of 
similar size (Table 1), T1 being associated with a Mw 
~9 earthquake, according to Satake and others (2003). 
Since actual recurrence is less than the 525 years used 
in the simulations, it may be that splay faulting or some 
other factor (e.g., slip> turbidite recurrence) amplified 
uplift during these earthquakes, or that coseismic slip 
is not simply related to these interseismic intervals. 

One caveat is that follow time for the last event, T1, is 
unknown, except that the minimum time is >309 years 
at the time of this writing. We can infer from Figure 31 
that splay fault amplification of inundation for buried 
ruptures is ~6 percent for “average” slip on a regional 
slip patch with symmetrical slip. Since inundation is a 
linear function of slip (Figure 30), we can further infer 
that involvement of a splay fault would lower the mini-
mum slip from ~15 m to ~14 m and recurrence from 
525 years to ~500 years. This recurrence still exceeds 
the observed interseismic intervals. Turbidite T2 is 
quite small and the associated earthquake left little 
record of subsidence or tsunami deposits in estuaries; 
for example it left no record in southwest Washington 
(Atwater and others, 1995, 2004). If T2 does not have 
significant influence on the available coseismic slip, 
then it suggests that most of the plate motion between 
T3 and T1 (~530 years) was released in the AD 1700 
earthquake, consistent with paleotsunami inundation. 
The twelve scenarios of the TPSW (2006) have inun-
dation exceeding all of our “Average” scenarios (Fig-
ures 28 and 29), so they extend well past the tsunami 
deposits; hence none can be ruled out by extent of the 
deposits. However, slip in the high slip patches of these 
scenarios generally exceeds their average value of 19 m 
(equivalent to >660 years of plate convergence at the 
latitude of Cannon Beach), so they would all exceed 
the slip inferred from interevent times for the last four 
turbidites contemporaneous with the three paleotsu-
nami deposits, even if turbidite T2 is removed from the 
recurrence calculations (Tables 1 and 8).

Table 8. Preferred radiocarbon ages for three sand layers identified as tsunami 
sands at Cannon Beach, Oregon (data from Witter, 2008).

Sand Layer Depth (m) Preferred Age (years before 1950)*
1 0.46 144–270**
2 0.96–1.25   520–800***
3 0.62–1.39     910–980****

* Age ranges rounded to the nearest decade except for historical constraints on 
the estimate for sand layer 1.
** Upper bound of age range constrained by the year 1806 when Lewis and 
Clark reached Ecola Creek and written history began in coastal Oregon.
*** Age range represents the sum of probabilities for both 14C ages for sand layer 
2. Two samples were dated and met a Xi-square test that shows statistical differ-
ence at the 95 percent level.
**** Age range represents 97 percent of the relative area of the calibrated age 
distribution for the pooled mean age of three 14C dates for sand layer 3. The three 
ages are indistinguishable based on a Xi-square test for statistical difference at 
the 95 percent level.
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Figure 44. Map of core sites used for the paleoseismic investigation (white dots) and tsunami deposits (colored dots) versus tsunami 
inundation simulated on a paleolandscape with a foredune and without a foredune. Sizes of dots correspond to relative deposit thickness; 
all paleotsunami data are from Witter (2008). Note that simulated inundation is ~70 m seaward of the modern coastline; this is caused 
by translation of the coastline seaward to account for 1,000 years of coastal retreat. Earthquake source scenarios: Small 9 = ~8 m slip, 
regional slip patch, buried rupture; Average 9 = ~15 m slip, regional slip patch, buried rupture; Average 6 = ~15 m slip, local bank slip 
patch, buried rupture. 

The paleotsunami data, being limited to only three 
events and compared to simulations of only the 
1,000-year event, do not place strong constraints on 
the full range of scenarios that are possible, given the 
unknowns such as tide, local bottom friction on land, 
and unknown characteristics of the causative earth-

quake. In the offshore paleoseismic record for the last 
10,000 years there are turbidites thicker and thinner 
and with larger and smaller follow times than those 
contemporaneous with the three Cascadia tsunami 
deposits (Table 1). Thus it is reasonable to assume that 
smaller and larger tsunamis than those that deposited 
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these three sand layers have probably occurred in the 
last ~10,000 years. 

The AD 1700 tsunami deposit is the least widespread 
of the three mapped in Ecola Creek (Figure 44), where-
as the AD 1700 turbidite has the largest thickness/mass 
of the last four, although it is only slightly larger than 
two of them (Table 1). If turbidite thickness/mass cor-
relates with earthquake size, then some other factor 
must account for the mismatch. We speculate that this 
factor is contemporary tide. Mofjeld and others (1997) 
inferred that the AD 1700 tsunami (youngest Casca-
dia deposit) occurred during a relatively low, neap tide 
all along the West Coast. We estimate from his data 
that the AD 1700 tsunami arrived at Cannon Beach 
on a neap tide at ~0.8 m NAVD 88, ~1.9 m lower than 
our simulated static tide. Myers (1999) and Myers and 
Baptista (2001) showed that a dynamic tide has strong 
nonlinear effects on tsunamis, so the combined effect 
of a withdrawing tidal current and lower tidal eleva-
tion should decrease inundation in AD 1700 relative to 
our simulations and relative to tsunamis with higher or 
flood tides. It is beyond the scope of this investigation 
to do dynamic simulations of tsunamis and tides to test 
more fully this hypothesis.

Coseismic Subsidence 
At the latitude of Cannon Beach simulated offshore 

coseismic subsidence for all Cascadia scenarios ranged 
from 0.3 to 3.9 m, increasing with more slip (Figures 
21 and 45). Simulated subsidence at Cannon Beach was 
in the same range. For the preferred scenario, Average 
14, coseismic subsidence was 1.4 m at Cannon Beach 
(Figure 45). 

Paleoseismic subsidence for the AD 1700 event from 
Leonard and others (2004) generally matched Large 
to Average slip scenarios better than Small or Largest 
slip cases (Figure 45). The one Small scenario used in 
the investigation, Small 9, matched best to the coseis-
mic subsidence estimates of Nelson and others (2008) 
for the last four Cascadia earthquakes (Figure 45). The 
paleoseismic subsidence appears less variable from 
north to south than is predicted by the local slip patch 
scenarios (top four graphs in Figure 45), matching 
regional rupture scenarios somewhat better (bottom 
four graphs in Figure 45). However, the northern limit 
of our northernmost local bank slip patch scenario, 
centered on Nehalem Bank (Figures 12 and 16), is arbi-
trary and not defined by geophysical data offshore. This 

slip patch may extend farther north or may become a 
long regional patch as suggested by GPS and leveling 
data (McCaffrey and others, 2007; Burgette and others, 
2007, 2009). If this is the case, fit to the bank models 
is improved. Most of the TPSW scenarios exceeded 
paleoseismic deformation along the coast (Figure 45). 
Neither the TPSW nor our scenarios closely match the 
pattern of paleosubsidence in the east-west cross sec-
tion up the Columbia River (Figure 46). This may be 
due to too broad of a landward transition zone on the 
megathrust, interaction with other upper plate faults 
and structures, or other factors. Alternatively, some 
of these paleosubsidence data may be of low quality 
according to the rating system of Leonard and others 
(2004). 

However, reanalysis of contemporary leveling data 
led Schmidt and others (2007) and Burgette and others 
(2007, 2009) to conclude that the modern interseismic 
data support a downdip locked zone boundary similar 
(at least in map pattern) to that suggested from paleo-
subsidence data for the AD 1700 earthquake of Leonard 
and others (2004). Residuals from that study indicate 
that the locked/transition zone, which swings shore-
ward in northern Oregon (as it does in our models), 
would satisfy the data somewhat better if it swung far-
ther shoreward in northern Oregon (opposite Nehalem 
Bank). The GPS models of McCaffrey and others (2007) 
are substantially similar in indicating an onshore trend 
of the locked zone in northern Oregon. If this is the 
case, and the leveling, GPS, stress, and structural data 
are correct, the bank and regional rupture models 
would be consistent, fitting the form if not the details 
of the Columbia River data well, while the basin models 
do not. Alternatively, Nelson and others (2008) sug-
gested a narrow offshore position of the locked zone 
based on improved paleoseismic subsidence data; how-
ever, we consider that the preponderance of the evi-
dence presently suggests the opposite case for northern 
Oregon and southwest Washington. For these reasons, 
and the previously mentioned poor match of basin slip 
patch scenarios to paleotsunami inundation, we placed 
a lower logic tree weight on those scenarios relative to 
both regional rupture and local bank slip patch cases. 

Data Files
One objective of the investigation is to establish a 

template for tsunami hazard assessment on the north-
ern Oregon coast. To this end, we provide digital data 
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Figure 45. Correspondence at the outer coast of scenario coseismic deformation to paleosubsidence data for the AD 1700 Cascadia 
earthquake of Leonard and others (2004) (diamonds with error bars) and Nelson and others (2008) (open bars; one open arrow indicating 
that value is a minimum for the locality). Scenarios S1 to S12 (gray lines) are from TPSW (2006); colored lines are from scenarios of this 
investigation. Note that many TPSW scenarios overestimate subsidence as do many of the “Largest” scenarios of this investigation. B is 
beach; R is river.
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Figure 46. Correspondence from Youngs Bay east along the Columbia River of scenario coseismic deformation to paleosubsidence data 
of Leonard and others (2004) for the AD 1700 Cascadia earthquake (diamonds with error bars). Scenarios S1 to S12 (gray lines) are from 
TPSW (2006); colored lines are this investigation. None of the scenarios fully capture the pattern of subsidence in the paleosubsidence 
data, but the “Largest” scenarios of this investigation and many of TPSW scenarios overestimate subsidence toward the west (open coast).
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files of all earthquake source deformations. We also 
provide the source code for SELFE, numerical grids, 
and output data to empower other investigators to 
compare their results to ours.

In addition to tsunami time histories and animations, 
the DVD contains data files and metadata in standard 
ASCII format for:

•	 initial conditions (coseismic deformations) for 
tsunami simulations

•	 maximum tsunami elevations and flow depths 
(flow depth listed as “inundation”)

•	 maximum tsunami velocities

•	 numerical grid for modern topography
•	 numerical grid for paleotopography with the fore-

dune
•	 numerical grid for paleotopography without the 

foredune
•	  x-y data for time history graphs of velocity and 

wave elevation
The DVD also contains vector GIS files for:
•	 computer-generated inundation boundaries for 

all scenario tsunamis
•	 isolines of cumulative logic tree weight for inun-

dation 

COMPARISON OF RESULTS TO PREVIOUS STUDIES

RELATIONSHIP TO PROBABILISTIC TSUNAMI 
HAZARD ASSESSMENTS

In Figure 29, we show a map of percent confidence 
that we have captured variability in Cascadia tsunami 
inundation. Figure 29 is not a map of probability of 
inundation. The map depicts the variation in extent 
of inundation from a range of deterministic Cascadia 
earthquake scenarios, all with Mw ≥8.3, that fall within 
the uncertainties of the tsunami source parameters. 
The probability of a Cascadia tsunami is directly related 
to the recurrence interval of great Cascadia subduction 
zone earthquakes, ~500 to 530 years for the northern 
margin (Petersen and others, 2002; Goldfinger and 
others, 2009). This recurrence amounts to a probabil-
ity of 10 to 14 percent (Petersen and others, 2002) or 7 
to 9 percent (Goldfinger and others, 2009) in the next 
50 years and possibly lower if the clustering model of 
Goldfinger and others (2009) is applicable

The approach employed by this study does not follow 
standard methods applied in probabilistic tsunami 
hazard assessments (PTHA) performed along other 
coastlines facing tsunami risks. PTHA methods have 
been derived from the probabilistic seismic hazard 
analysis (PSHA) method originally developed by Cor-
nell (1968), which is now considered the standard of 
practice for projects that require seismic hazard analy-
ses (Senior Seismic Hazard Analysis Committee, 1997) 
and in developing the U.S. national seismic hazard maps 
(Frankel and others, 2002). The primary difference 
between the two methods is that PTHA uses numerical 
tsunami propagation models to predict runup height, 

whereas PSHA employs empirical attenuation models 
to determine ground motions. For example, Geist and 
Parsons (2006) used empirical methods and Monte 
Carlo simulations to compute the probabilistic tsuna-
mi hazards for Acapulco, Mexico and the U.S. Pacific 
Northwest. Annaka and others (2007) used a logic tree 
approach to calculate tsunami hazard curves to quan-
tify the risk to important coastal facilities in Japan. 
Power and others (2007) used Monte Carlo techniques 
to estimate probabilistic tsunami hazards along the 
coastline of New Zealand caused by South American 
subduction zone earthquakes.

Our approach differs from a PTHA performed for 
Seaside, Oregon (TPSW, 2006). As part of FEMA’s Map 
Modernization Program, the purpose of the Seaside 
pilot study was to produce maps showing tsunami wave 
heights with 1 percent and 0.2 percent annual probabil-
ity of exceedance and thereby demonstrate a method-
ology to improve FEMA Flood Insurance Rate Maps 
(FIRMs). Source specifications for the tsunami simu-
lations included 14 far-field earthquake sources using 
parameters from the NOAA/PMEL FACTS database 
(Titov and others, 2005) and an additional 12 Cascadia 
earthquake source models that compute stochastic slip 
distributions that are constrained by a constant seis-
mic moment (e.g., Geist, 2002). Departing from stan-
dard PTHA methods that compute a hazard curve for 
a point on the coastline (e.g., Geist and Parsons, 2006; 
Annaka and others, 2007; Power and others, 2007), 
the TPSW (2006) developed a probabilistic tsunami 
inundation map of the City of Seaside and surrounding 
communities. Generation of 100- and 500-year maps 
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proceeded by calculating a hazard curve for each grid 
cell and then mapping exceedance wave heights for the 
1- and 0.2-percent annual probabilities using GIS tech-
niques. 

We see two limitations to the approach used for the 
Seaside pilot study (TPSW, 2006) for depiction of the 
tsunami hazard dominated by a large local source like 
the Cascadia subduction zone. First, the maps do not 
express the range of tsunami inundation and runup that 
is a product of the uncertainty associated with alterna-
tive models for Alaska and Cascadia subduction zone 
earthquakes. For example, only one, relatively large 
magnitude of earthquake is explored for Cascadia, 
albeit with many slip distributions. Second, as a result 
of this approach, the maximum tsunami wave heights 
plotted on the 100- and 500-year maps are determined 
by the smallest tsunami inundations. This may be an 
appropriate method to use for independent far-field 
earthquake sources but it biases the maps toward the 
smallest tsunami scenarios when depicting uncertain-
ty in source parameters for a single local earthquake 
source like the Cascadia megathrust. Because a tsu-
nami flows from the ocean toward the land, hazard 
curves for grid cells at the shoreline naturally predict 
higher flow depths than inland grid cells for the same 
recurrence rate. Therefore, maps developed using 
alternative source models for a particular earthquake 
source with a 500-year average recurrence interval will 
depict only the results of the minimum tsunami sce-
nario on the 500-year probabilistic inundation map. In 
other words, inundation and flow-depth hazard maps 
at the 500-year exceedance level will not show equally 
or more likely larger tsunami scenarios, because grid 
cells flooded only by these scenarios will have less than 
a cumulative probability of 1.0 for all 500-year events 
considered. The size of the minimum scenario tsu-
nami thus determines the degree of underestimation 
of potential hazard at the 500-year exceedance iso-
line, but hazard will always be underestimated relative 
to the preferred or most likely event. In contrast, for 
most PTHA of far-field tsunamis, each scenario is an 
independent preferred or most likely scenario for each 
seismic source assigned a certain probability, so areas 
of overlapping inundation from multiple sources have 
the sum of these probabilities, resulting in a somewhat 
more reasonable assessment of hazard.

COMPARISON TO PREVIOUS TSUNAMI HAZARD 
ASSESSMENTS FOR OREGON

Previous tsunami inundation mapping for Cannon 
Beach was based on source scenarios that approximate 
our “Average” to “Small” slip models. Whitmore (1993) 
provided the City of Cannon Beach with an estimate of 
Cascadia tsunami open coastal wave elevation on the 
order of 6 m (NAVD 88) from an Mw 8.8 earthquake 
with 9 m of slip. This scenario had broad areas with 
~1.5 m uplift, corresponding most closely to our Small 
9 scenario (Figure 21). Priest (1995a) in collaboration 
with the Oregon Graduate Institute of Science and 
Technology simulated open coastal wave elevations for 
the Whitmore source and for Cascadia sources with 
11.5 and 10.5 m slip on a planar fault dipping 12.1°. 
Priest (1995a) used open coastal tsunami elevation data 
for the source with 11.5 m slip, a fully locked width of 
66 km, and broad uplift of ~2.5 to 3 m to map inunda-
tion for the entire Oregon coast for implementation in 
1995 of Oregon Senate Bill 379 (now Oregon Revised 
Statutes 455.446 and 455.447). The bill limited new 
construction of critical, essential, and hazardous facili-
ties in potential tsunami inundation areas (Olmstead, 
2003). Maximum tsunami elevation at the open coastal 
shoreline (Priest, 1995a, Appendix B, model 2 data) is 
essentially the same as the preferred Cascadia scenario 
of this study, Average 14 (Figure 26), about 9.6 m NAVD 
88 (8.5 m NGVD29 in the original publication). We 
cannot compare our simulated maximum runup to the 
1995 data, because the older study did not have enough 
grid refinement to simulate runup or inundation. Inun-
dation mapped by Priest (1995b, 1995c) differs from 
Average 14 in detail (Figure 47) because the 1995 inun-
dation was not numerically simulated but estimated 
from a simulation of open coastal wave height. 

Priest and others (1997) used a more realistic, curv-
ing Cascadia subduction zone fault with linear land-
ward taper of slip for construction of 11 Cascadia 
sources, four of which were used for State of Oregon 
inundation mapping in subsequent years (i.e., Priest 
and others 1998, 1999a, 1999b, 2000a, 2000b, 2004, 
2007) to construct inundation maps from simula-
tion of tsunamis from three earthquake sources per 
map. The sources were: (1) a segment rupture 450 km 
long with slip equaling 225 years of plate convergence 
(model 2Cn for a segment north of Cape Foulweather; 
model 2Cs to the south); (2) a rupture 1,050 km long 
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Figure 47. Relationship between isolines of percent confidence and key inundation boundaries. The isolines depict confidence that 
inundation for a Cascadia tsunami with ~500-year recurrence will be less than the isoline. Upper left map illustrates extension of largest 
TPSW scenarios past the largest inundation of this investigation (99 percent isoline). The minimum inundation from TPSW sources is 
also plotted on the upper left map and approximates the 96 percent inundation line (not plotted). Upper right map shows the close 
correspondence of the Large 14 scenario to the 90 percent isoline and the Largest 14 scenario to the 99 percent isoline. Lower left map 
demonstrates the exact correspondence of the 70 percent isoline with the Average 14 (preferred) scenario and similarity of both to 
the tsunami regulatory line affecting the building code in Oregon. Lower right map illustrates the relationship of inundation from the 
Average 9 source (~15 m slip on buried subduction zone rupture) and the Small 9 source (~8 m slip) to isolines.
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with slip equaling 450 years of convergence (model 
1A); and (3) a maximum event simulating the largest 
uplift from the 1964 Prince William Sound earthquake 
(model 1A-Asperity). The latter source was construct-
ed in central Oregon by placing a Gaussian uplift of 3 m 
centered about 60 to 80 km offshore on the model 1A 
source. Model 1A in central Oregon is a Cascadia rup-
ture approximately 70 km wide with 35 km of uniform 
slip and 35 km of linear landward taper of slip. Model 
1A uplifted a broad area about 3 m, so adding the 3-m 
Gaussian mound achieved the 6 m uplift estimated by 
Holdahl and Sauber (1994) for the largest asperity in 
the Alaska earthquake. This uplift is smaller than sev-
eral of the largest sources of this study and lies at about 
the same distance offshore as the maximum uplift in 
our scenarios (Figure 21). This degree of uplift corre-
sponds to “Average” splay fault scenarios and “Large” 
buried rupture scenarios but is smaller than “Large” 
splay fault and “Largest” scenarios with ~38 m of slip 
(Figure 21). Tsunami wave elevation at the open coast 
was generally about 20 to 50 percent higher for the 
1A-Aperity relative to the 1A scenario (e.g., Priest and 
others, 1997, 2002). Simulation of the 1A-Asperity sce-
nario at Cannon Beach in early trials produced runup 
similar to the 1A. The reasons for this are not entirely 
clear but appear to be from complex wave refraction 
and interference. The two segment ruptures, models 
2Cn and 2Cs, caused ~1.5 m uplift over broad areas 
and are most similar to the Small 9 scenario (Figure 21).

Comparison to Cascadia Scenarios of Tsunami Pilot 
Study Working Group

TPSW (2006) Cascadia earthquake sources pro-
duced tsunamis much larger than most of Cascadia 
tsunamis of this investigation. Tsunami simulations of 
the 12 Cascadia earthquake sources of TPSW (2006) 
allowed direct comparison of tsunamis produced from 
our sources to that study. TPSW sources simulate 
coseismic deformations from magnitude 9 earthquakes 
with a constant moment but stochastically varied slip 
distribution. These scenarios generally concentrate 
slip within 30 km of the deformation front, producing 
corresponding uplift and subsidence in deeper water 
than most of the scenarios considered here (Figure 21). 
Nearly all TPSW scenarios produce a leading depres-
sion wave (e.g., Figure 35) that amplifies runup (Tade-
palli and Synolakis, 1994). The leading depression wave 
combined with deformation in deeper water produces 
runup and inundation equal to or larger than the “Larg-
est” source scenarios of this investigation with ~38 

m of slip (Figures 27 and 28). All TPSW inundations 
equal or exceed our isolines of percent confidence at 
the 96th percentile(Figures 28 and 29). As previously 
mentioned, all TPSW inundations exceed the extent of 
the three Cascadia paleotsunami sand deposits, some 
by a wide margin. All are at least not inconsistent with 
extent of paleotsunami deposits for the last ~1,000 
years, since we do not know the degree to which inun-
dation exceeds sand transport. As previously explained, 
the TPSW mean slip of 19 m and larger maximum slips 
exceed slip inferred from turbidite interevent times 
over the last 1000 years.

TPSW Cascadia earthquake sources produced 
coseismic deformation with a poorer match to paleo-
seismic data than our sources. We used paleoseismic 
estimates of coseismic subsidence for the AD 1700 Cas-
cadia earthquake to evaluate our scenarios and those of 
TPSW. Relative to previous events, this earthquake was 
probably close to an “average” magnitude 9 event based 
on thickness of the offshore turbidite and inland reach 
of the tsunami deposit at Cannon Beach. The TPSW 
sources generally show much greater coastal deforma-
tion relative to paleoseismic estimates for this event, 
whereas deformation for all but our “Largest” scenarios 
overlapped the paleoseismic estimates more closely 
(Figure 45). This is no surprise, as our source scenar-
ios for the regional rupture cases were constrained 
to match paleosubsidence, but a more fundamental 
reason is that TPSW sources use much less down dip 
taper of slip than do our scenarios (E. L. Geist, personal 
communication, 2007). Relative to the highest quality 
paleosubsidence estimates for the AD 1700 earthquake 
(Leonard and others, 2004; Nelson and others, 2008), 
nearly all scenarios (ours and TPSW) predict greater 
coseismic deformation to some extent (Figure 45). 
Better correspondence to these high-quality data in 
central Oregon could probably be achieved by narrow-
er scenario ruptures (moving deformation offshore) or 
wider ruptures (moving the “hinge line” between sub-
sidence and uplift nearer the coast). The latter conflicts 
with estimates of the width of the locked zone from 
thermal, geologic, geophysical, and geodetic data for 
central Oregon (e.g., Hyndman and Wang, 1995) but 
is consistent with these data in northern Oregon and 
southwest Washington. As previously explained, a rela-
tively wide locked zone at the Columbia River is consis-
tent with the large paleosubsidence inferred from the 
Leonard and others (2004) data (Figure 46) and modern 
geodetic data of Schmidt and others (2007), Burgette 
and others (2009), and McCaffrey and others (2007). 
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Our inferred sharp change in width of the coseismic 
rupture in northern Oregon (“stress line" of Figure 12 
and regional slip patch scenarios of Figure 16), is thus 
consistent with the overall pattern of geodetic and pale-
oseismic observations but could probably be somewhat 
larger, swinging somewhat farther inland at the Colum-

bia River and slightly farther offshore to the south. 
These modest changes in rupture width are unlikely 
to cause large changes in tsunamis, because changes 
of rupture width of ±20 km produced similar tsunami 
(Figures 23 and 24).

Figure 48. Cross sections of selected coseismic deformation of Cascadia earthquake scenarios of this investigation (colored lines) most 
similar to inferred deformation for the 2004 Sumatra–Andaman earthquake near the latitude of Banda Aceh, Indonesia (black lines); 
Cascadia source scenarios of the TPSW (2006) are shown for comparison (gray lines). Cascadia scenarios: Large 1 = ~22 m slip, splay fault, 
local bank slip patch; Largest 6 = ~38 m slip, buried rupture, local bank slip patch, symmetrical slip; Large 6 = ~22 m slip, buried rupture, 
local bank slip patch, symmetrical slip; Largest 9 = ~38 m slip, buried rupture, regional slip patch, symmetrical slip; Large 14 = ~22 m slip, 
splay fault, regional slip patch, symmetrical slip; Largest 10 = ~38 m slip, buried rupture, regional slip patch, seaward -skewed slip; Large 
12 = ~22 m slip, splay fault, regional slip patch, seaward-skewed slip.

COMPARISON OF CASCADIA TSUNAMI TO THE 2004 SUMATRA TSUNAMI

One of the objectives of the investigation was to assess 
whether a Cascadia earthquake similar to the Decem-
ber 26, 2004, Sumatra-Andaman earthquake could 
occur and, if so, what tsunamis might be produced. 
“Large” (~22 m slip) splay fault scenarios and a few 
“Largest” (~38 m slip) buried rupture scenarios roughly 
match coseismic deformation inferred from two tsuna-
mi inversions for the Sumatra earthquake (Figure 48). 
Open coastal runup from these Cascadia analogues to 
Sumatra generally fall between the 95 and 99 percent 

confidence isolines for capturing all variability for a 
Cascadia event, so an event as severe as the 2004 Indian 
Ocean tsunami would be considered rare but possible. 
Coseismic uplift inferred from tsunami inversions of 
the Indian Ocean tsunami appears more consistent 
with our source scenarios than sources with extreme 
seaward skew of slip like those of TPSW (2006). Coseis-
mic deformation for many of the TPSW (2006) scenar-
ios was closer to the deformation front than estimated 
for even the most seaward uplift inferred from Suma-
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tra tsunami inversions (i.e., Seno and Hirata, 2007), 
although some TPSW and few of our largest-slip, 
buried rupture scenarios were fairly close to this model 
(Figure 48). Well-constrained tsunami inversions for 
Sumatra deformation from Ioualalen and others (2007) 
produce sources with uplift maxima ~50 to 60 km land-
ward of the deformation front, similar to most of our 
scenarios, though somewhat seaward of the geodetic 
and seismologic models, and far from the TPSW pat-
tern (Figure 48). Well-constrained geodetic slip models 
of the 2004, 2005 and 2007 Sumatran earthquakes 
(Chlieh and others, 2007; Hsu and others, 2006; Konca 
and others, 2008) show that slip was concentrated in 
the forearc highs and tapered both updip and down-
dip (Figure 10), similar to our regional rupture model 
and bank slip patch models. This was further supported 
by GPS data showing updip and downdip afterslip into 
the updip and downdip transition zones respectively. 
However, considerable uncertainty remains in the link 
between these models and the actual generation of the 
2004 tsunami from coseismic displacement of the sea-
floor. 

Coseismic deformation for the Sumatra earthquake 
is at ~1 km greater water depths than geologically 
equivalent areas of the Cascadia subduction zone, and 
the locked zone width is significantly greater, so more 
water is displaced and larger tsunamis should be pro-
duced in Sumatra for equivalent earthquake deforma-

tion. For example, the Cascadia source scenario most 
similar to the Ioualalen and others (2007) source, Larg-
est 6 (buried rupture with ~38 m slip, Figure 48), pro-
duced maximum runup ~10 m lower than observed 
over most of the Sumatran coast nearest to the 2004 
rupture. Most of the Cascadia tsunami simulations 
of this investigation produced open coastal runup 
approaching the ~30 m reported on the northwest 
coast of Sumatra (Tsuji and others, 2005) only when 
slip was ~38 m on a splay fault. This much slip simu-
lates a very large Cascadia earthquake that may have 
occurred just once in the last 10,000 years, according 
to interpretations of turbidite data (Table 1), and like 
all of our simulations, includes the assumption of full 
plate locking and full release in each earthquake. A 
third assumption is that this splay fault source has all 
slip partitioned to the splay fault. These three assump-
tions are unlikely to be correct, but we have no basis 
for modeling alternatives at this time. The emergency 
planner cannot take too much comfort from the rarity 
of these extreme Cascadia events, because, as previous-
ly mentioned, turbidite data appear consistent with the 
Cascadia subduction zone following a time-predictable 
pattern of seismic energy release. This means that 8.9 m 
of plate convergence since the last Cascadia earthquake 
309 years ago does not limit possible earthquakes at 
present to Cascadia events with only 8.9 m of slip.

DISTANT TSUNAMI SCENARIOS

The maximum considered distant tsunami is similar 
to many Cascadia tsunami scenarios but is a very low 
probability event compared to the largest historical 
event, the 1964 Alaska tsunami. The maximum consid-
ered distant tsunami scenario had optimal directivity 
of tsunami energy toward the northern Oregon coast 
from the Gulf of Alaska (TPSW, 2006) and produced 
tsunami inundation and runup corresponding to 40 to 
60 percent of the variability in inundation for Casca-
dia scenarios (Figures 28 and 33). The tsunami reached 
a maximum 10- to 12-m runup at the open coast and 
inundated 2.3 km up Ecola Creek. The 1964 event pro-
duced runup of only 6 to 7.5 m and inundation of 1.4 km 
at Ecola Creek, corresponding to the lowest Cascadia 
tsunami (Figures 26 and 28). The hypothetical earth-
quake source had an anomalous “spike” of uplift owing 

to a singularity in the fault dislocation model (Titov, 
2008 personal communication) and a highly simplified 
geometry with no taper of coseismic slip landward or 
seaward of the simulated locked zone Whereas these 
shortcomings are of less importance for simulation of 
distant tsunamis than local events, we concur with the 
TPSW (2006) assessment that this hypothetical sce-
nario is a very low probability event. The 1964 tsunami 
is the largest historical event and is probably a more 
realistic maximum case. The implication for emergency 
planning is that largest potential distant tsunami inun-
dation could conceivably be similar to median Cascadia 
inundation, but a real event is far more likely to flood 
only beaches and waterfront localities. Priorities for 
evacuation should be set accordingly.
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Figure 49. Comparison of data from 2007 (top) and 2009 (bottom) on frequency of inter-turbidite 
time intervals (100-yr bins) for turbidites deposited in the last ~10,000 years compared to recurrence 
scenarios (labeled dotted lines) and weights (in parentheses) from the basal four branches of the 
logic tree. Frequencies and cumulative percentages are shown in two ways: for all 20 turbidites and 
for intervals between the 19 turbidites extending the entire length of the Cascadia margin (i.e. no 
turbidite T5b for 2009 data or T5a for 2007 data). The 2σ error on the maximum recurrence interval 
for 2009 recurrence data without turbidite T5b is shown encompassing the “Largest” scenario 
recurrence. Turbidite T5b extends only as far north as 44º N, and may extend as far north as Juan 
de Fuca Canyon, which includes the latitude of Cannon Beach. Note that in 2007 turbidite T5b was 
originally correlated with a turbidite of a different age, T5a.

UNCERTAINTIES

UNCERTAINTY OF CASCADIA FAULT SLIP 
ESTIMATED FROM TURBIDITE DATA

As previously discussed, Cascadia tsunami runup 
and inundation vary linearly with fault slip, so under-
standing uncertainties in scenario slip is critical. We 
estimate variability of slip from variability of times 
between earthquakes based on the radiocarbon ages 

of offshore turbidite beds. Two questions arise with 
regard to our choice of scenario recurrence (fault slip) 
from these data, (1) how strongly is the choice affected 
by updates in turbidite data and interpretations, and 
(2) how strongly is the choice affected by the some-
what speculative assumption that turbidite mass cor-
relates with large slip? Figure 49 illustrates the differ-
ence in interevent frequency between the 2009 data 
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and 2007 turbidite data; the 2007 data were the basis 
for the original slip scenarios and tsunami simulations. 
The 2009 data included analysis of new 14C data and 
recalibration of older data using a consistent revised 
marine calibration and reservoir correction. The final 
average ages and intervals in Goldfinger and others 
(2009) reflect decisions made about which ages for 
each of these events represent the best quality results 
as opposed to the averaged full range of 14C data for 
each event. The overall pattern of 2007 and 2009 data is 
quite similar and assigned logic tree weights compare 
well with cumulative percentages of recurrence inter-
vals (Figure 49). The largest difference is for the “Larg-
est” scenario recurrence; it is reduced from ~1,300 
years to ~980 years for the 19 full margin events (Table 
4). As previously explained, ~980 years is the interval 
between turbidites T5 and T6 (ignoring T5b). One can 
argue that the original ~1,300 years lies within the 2σ 
root mean square error of the T5-T6 interval (Tables 1 
and 4, Figure 49), but this makes the event of very low 
probability. The fact that the T5 and T6 turbidites are of 
average size (Table 1) does not provide support for this 
interval being associated with an unusually large earth-
quake. The original 1,300-year maximum interval was 
from the follow time in 2007 for the T11 turbidite, the 
largest on the southern Cascadia margin and second 
largest on the northern margin. This turbidite had 
ubiquitous basal erosion, increasing the errors involved 
in dating and interpretation of the age and hence the 
follow time (Goldfinger and others, 2009). The revised 
follow time for T11 is ~850 years, expanding to ~1200 
years at 2σ. One could argue that 1200 years would be 
more appropriate for calculation of maximum slip. Our 
retention of ~1,300 years (slip of ~38 m) is therefore 
conservative (higher hazard). Nevertheless, this slip is 
similar to maximum slip of ~40 m inferred for the 1960 
Chile earthquake (Barrientos and Ward, 1990), so it is 
not an unprecedented event. 

Mismatches between turbidite size and the prior or 
following intervals indicate caution in adopting individ-
ual intervals as a metric for the largest event. Because 
the fit to a time predictable model is only a modest 
one (Table 2; Figures 6 and 7), strict adherence to fol-
lowing times is not warranted. Furthermore, evidence 
suggests that smaller events use very little energy, and 
skew the interevent time values inappropriately. For 
example, event T12 was preceded by ~850 years, and 
followed by 700 years, yet it was the smallest-mass tur-

bidite of those considered here (Table 1). The ~1,550 
year interval between T13 and T11 represents ~45 m of 
plate motion, yet only T12 occurred during that period. 
We suspect that much of that strain was released in 
the very large T11 earthquake, though the preceding 
and following times for T11 were not extraordinary. As 
previously discussed, we came to similar conclusions 
when comparing simulated inundation to distribution 
of Cascadia tsunami deposits. The small-volume tur-
bidite, T2, provided a very short minimum interevent 
time (slip) that would be inconsistent with observed 
tsunami deposits. We conclude that use of any turbi-
dites as small as or smaller than T2 for calculation of 
interseismic intervals likely causes underestimation of 
slip. If this is the case, then we might ignore T12 in the 
T11–T13 interval and assign a maximum interseismic 
time of 1,550 years rather than 1,300 years. Viewed in 
this context, 1,300 years is not overly conservative. 

The 2009 update in age data left unchanged the basic 
observation that recurrence is highly variable, a con-
clusion reached independently from interpretation of 
paleoseismic data in coastal estuaries (e.g., Atwater and 
others, 2004; Kelsey and others, 2005). These coastal 
paleoseismic data (Atwater and others, 2004; Leonard 
and others, 2004) also support variable coseismic sub-
sidence consistent with variable coseismic slip, so our 
variable slip approach is supported by observations.

With regard to the second question, Figure 49 illus-
trates the frequency and cumulative percentage of 
interseismic intervals of various sizes in the 10,000-year 
record, ignoring any relationship with turbidite thick-
ness or follow times. The relative weights of each sce-
nario slip compare reasonably well with the cumulative 
percentage of interevent times on the graphs, whether 
for 2007 or 2009 data. Table 4, as previously explained, 
illustrates the same point. 

We note also that the calculation of slip is solely 
based on interevent time (i.e., Rikitake, 1999) and does 
not depend on turbidite size. Turbidite size is a third 
variable that apparently supports the use of time to cal-
culate slip by indicating that earthquakes followed by 
long times also produced large turbidites and, by infer-
ence, large earthquakes.

A third source of uncertainty is our assumption that 
the coupling ratio is 1.0 for calculation from scenario 
recurrence of maximum slip in each slip distribution. 
McCaffrey (1997) argues that the closest subduction 
zone analogues to Cascadia in terms of thermal regime 
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have a large component of aseismic slip (coupling ratio 
<1.0). He suggests that much of the slip release at Cas-
cadia could be in the form of “slow earthquakes” that 
would greatly reduce seismic shaking. He explains the 
observation by Satake and others (2003) that a large 
earthquake caused the AD 1700 tsunami by calling on 
slow earthquakes that can produce significant tsunamis 
but little seismic shaking. Depending on how much slip 
is too slow to be tsunamigenic, we could be overesti-
mating tsunimigenic slip based on interevent times.

UNCERTAINTY IN PALEOSEISMIC ESTIMATES OF 
COSEISMIC SUBSIDENCE

The map position of observed paleoseismic defor-
mation places strong constraints on the position of the 
underlying locked subduction interface (i.e., Meltzner 
and others [2006] for the Aceh earthquake). However, 
at present we have comprehensive paleoseismic data 
for only one earthquake, the AD 1700 event, compiled 
by Leonard and others (2004). The locked zone analysis 
presented here for the most part uses either geologi-
cal and geophysical data generated over many seismic 
cycles, and therefore averaged, or geodetic data that 
relate to a future earthquake. Direct comparison to a 
single past earthquake of unknown slip distribution in 
AD 1700 guides but does not strongly constrain our 
models. 

Both the geophysical evidence and paleosubsidence 
estimates have large uncertainties and inherent limita-
tions. Paleosubsidence is measured in vertical soil pro-
files from changes of estuarine micro- and macro-fossil 
assemblages sensitive to local sea level, so it is possi-
ble that prompt postseismic deformation could occur 
before these signals are recorded in the deposits. Post-
seismic deep fault slip could increase subsidence near 
the coast, whereas uplift from viscoelastic relaxation 
could reduce it over hours, days, or a few years after an 
earthquake (Hyndman and others, 2005; Wang, 2007). 
Decreasing salinity of estuarine waters upstream can 
collapse the vertical ranges of salinity-sensitive species 
used for subsidence estimates. This factor may cause 
overestimate of paleosubsidence in large estuaries with 
high-volume rivers like the Columbia River. Poten-
tially larger sources of error in estimating slip are the 
inherent assumptions of full locking and of complete 
stress drop. We make these assumptions though they 

are likely to be incorrect because we cannot determine 
these parameters at the present time. 

UNCERTAINTY IN THE HYDRODYNAMIC MODEL

The hydrodynamic model, SELFE, passed all standard 
tsunami benchmark tests (Zhang and Baptista, 2008) 
and reproduced the inundation and flow depths of the 
1964 Alaska tsunami in populated areas of Cannon 
Beach, so it is a reasonably accurate model. Note that 
flow velocities are depth-averaged from the 3D velocity 
field, but since a zero bottom drag is used in the model, 
there is no shear in the 3D velocity field. We do not 
understand the details of the vertical structure, includ-
ing the bottom boundary layer for overland flow; hence 
the use of zero friction for conservative (high) estimates 
of velocity. Use of zero friction probably causes over-
estimates of inundation over dry land and wetlands, 
although match of the simulated and observed inun-
dation for the 1964 tsunami indicates that the over-
estimate may be small where heavy vegetation is not 
present. We can speculate that degree of overestimate 
probably depends on how far inundation proceeds and 
how many obstacles the flow encounters. In low-lying 
areas like the Ecola Creek valley where closely spaced 
trees and other vegetation could slow tsunamis, the 
overestimate could be significant. A full analysis of the 
friction parameters relative to empirical observations is 
beyond the scope of this investigation.

UNCERTAINTY IN THE FAULT DISLOCATION 
MODEL

The Wang and He (2008) fault dislocation model, as 
applied here, does not allow significant slip near the 
deformation front owing to the velocity strengthening 
assumption, but there is some uncertainty about this 
assumption. According to Wang and He (2008), there is 
speculation that in the course of the evolution of pore 
fluid pressure distribution, parts of the updip segment 
at some subduction zones may occasionally become 
moderately velocity weakening and, when triggered to 
slip, acquire tsunamigenic rupture speed (Seno, 2002). 
Earthquakes characterized by this type of coseismic 
slip could have relatively high slip near the deforma-
tion front, low felt shaking, and produce relatively large 
tsunamis. While we cannot rule out the occurrence of 



72	 Oregon Department of Geology and Mineral Industries Special Paper 41

Multi-Deterministic Tsunami Hazard Assessment, Cannon Beach, Clatsop County, Oregon

such “tsunami earthquakes” on the Cascadia subduc-
tion zone, the widespread occurrence of turbidites 
offshore (e.g., Goldfinger and others, 2009) and lique-
faction features onshore (Obermeier and Dickenson, 
2000) is consistent with at least moderate coseismic 
ground motion over wide areas for the vast majority 
of Cascadia events for which there is paleoseismic evi-
dence. Because the evidence of strong ground shaking 
does not preclude the above scenario occurring simul-
taneously, there will remain some uncertainty in the 
behavior of the outermost wedge until better observa-
tional data are obtained. 

UNCERTAINTY IN THE LOCAL BASIN AND BANK 
SLIP PATCH SOURCES

The local basin slip patch sources (Figure 16) at 
Nehalem Bank (Figure 12) are accurate representations 
of the Wells and others (2003) hypothesis that higher 
coseismic slip will be centered under forearc sedimen-
tary basins, but the Wells and others paper also hypoth-

esized that there would be high slip at the gravity low at 
Nehalem Bank. This apparent contradiction is caused 
by the Wells and others hypothesis that gravity lows 
are proxies for forearc basins. Nehalem Bank, however, 
is both a structural high and a gravity low due to its 
youthful development from recently reaccreted materi-
als with a very local Columbia River source (Kulm and 
others, 1973). We modified our sources such that the 
bank is an area of low slip in our basin slip patch source 
to be consistent with the basin model proposed by Wells 
and others (2003). Alternatively, if the gravity signature 
is important beyond its use as a basin proxy (Song and 
Simons, 2003), then our model does not capture that 
possibility, one for which there is no clear physical 
explanation. In that case, lack of correspondence of the 
simulated tsunami inundation and crustal deformation 
for these sources to paleoseismic estimates could then 
be taken as an indication that the gravity low is a more 
important indicator of higher potential coseismic slip 
than the presence or absence of a sedimentary basin. 

MINIMUM TSUNAMI SCENARIOS FOR INUNDATION MAPS

Ideally, tsunami hazard assessments would employ all 
deterministic earthquake sources used in this investiga-
tion, but an adequate assessment can be accomplished 
with five Cascadia and one or two distant tsunami 
sources. We recommend Cascadia tsunami scenarios 
closely matching the 50 (Average 9), 70 (Average 14), 
90 (Large 14), and ~99 percent (Largest 14) isolines for 
wide application to the Oregon coast. In order to evalu-
ate minimum Cascadia tsunami arrival for emergency 
planning, simulation of a splay fault scenario with 
either a local bank (Largest 1) or basin slip patch (Larg-
est 2), whichever is the larger uplift, should be accom-
plished for each map area. These earthquake sources 
cause offshore deformation that produce tsunami 
wave arrivals with distinctly different timing from the 
regional slip patch scenarios. At Cannon Beach, Cas-
cadia earthquakes with bank slip patches caused half 
of the peak tsunami flooding only 14 minutes after the 
earthquake; much sooner than scenarios with regional 
slip patches. Distant tsunami hazard is best depicted by 
mapping inundation from the hypothetical maximum 
considered teletsunami from the Gulf of Alaska. If local 
observational data are available, the tsunami from the 

1964 Prince William Sound earthquake should also be 
simulated as ground truth check on the hydrodynamic 
modeling approach. The 1964 event is also worth simu-
lating for evaluation of a more realistic maximum con-
sidered distant event than the hypothetical case. 

The following are key scenarios for hazard assess-
ment:

•	 ~99 percent confidence isoline  
(approximated by scenario Largest 14).

•	 90 percent confidence isoline  
(approximated by scenario Large 14)

•	 70 percent confidence isoline  
(approximated by scenario Average 14, the pre-
ferred scenario with highest logic tree weight)

•	 ~50 percent confidence isoline  
(scenario Average 9, minimum inundation 
regional rupture scenario consistent with  
paleotsunami deposits)

•	 Local bank (Largest 1) or basin slip patch  
(Largest 2), whichever has largest uplift.

•	 Maximum considered distant tsunami from the 
Gulf of Alaska (source 3 of TPSW [2006])
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•	 Optional 1964 distant tsunami from the Prince 
William Sound earthquake in the Gulf of Alaska. 
This event should be simulated only if there is 
enough observational data to serve as a check on 
the tsunami simulation.

Figures 50 and 51 illustrate inundation maps using 
the five most critical scenarios from the list above. Sim-
ilar maps can illustrate maximum water depth (Figure 
52) and velocity (Figure 41) that will not be exceeded at 
these key confidence levels.

Tsunami source scenarios developed for this inves-
tigation are useful for tsunami hazard assessment of 
the northern Cascadia margin from Florence, Oregon 
(43.9° N) to Neah Bay, Washington (47.9° N) (Figure 1). 
The sources are not useful for tsunami hazard assess-
ments at the extreme ends of the coseismic deforma-
tion, as tsunami waveforms will be incomplete. Assess-
ments aimed at areas near Neah Bay and Florence will 
need tsunami sources that extend beyond the sources 
considered here.

Figure 50. Key scenario inundation scenarios at Cannon Beach, Oregon. All inundation lines are individual tsunami scenarios that most 
closely match the listed confidence lines (see Figure 47). Mapped scenarios: ~50 percent = Average 9; 70 percent = Average 14; 90 
percent = Large 14; ~99 percent = Largest 14. 
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Figure 51. Inundation map as in Figure 50 but for the Arch Cape area immediately south of Cannon Beach, Oregon. Note that inundation 
in this area is less precise than at Cannon Beach to the north owing to coarser (~10 m) numerical grid.



Oregon Department of Geology and Mineral Industries Special Paper 41	 75

Multi-Deterministic Tsunami Hazard Assessment, Cannon Beach, Clatsop County, Oregon

Figure 52. Maximum depth map for Average 14 scenario (preferred), approximating the ~70 percent confidence level for all variability 
in flow depth for Cascadia tsunami; contour interval (dashed lines) is 1 m; thick turquoise blue line is the maximum inundation for the 
Average 14 scenario.
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TSUNAMI SCENARIOS FOR OREGON EVACUATION MAPS

In 2008 the Oregon Tsunami Advisory Council recom-
mended depiction of two evacuation zones in recog-
nition of the differing emergency planning needs for 
distant and local tsunami sources. Aside from some 
possible southern Cascadia earthquakes, the closest dis-
tant events are in the Gulf of Alaska with at least 4 hours 
of travel time to Oregon during which the NOAA West 
Coast and Alaska Tsunami Warning Center will have 
time to issue a warning. Local Cascadia earthquakes 
will produce tsunamis arriving in minutes rather than 
hours, so the only practical warning will be the earth-

quake itself. The two zones recommended for Oregon 
tsunami evacuation maps are the maximum considered 
distant tsunami inundation from the Gulf of Alaska and 
the largest inundation from a Cascadia earthquake. For 
this investigation of the northern Oregon coast, these 
earthquake source scenarios correspond, respectively, 
to source 3 of TPSW (2006) and Cascadia source Larg-
est 14. Largest 14 produces inundation approximating 
the 99 percent confidence boundary for a full multi-
deterministic analysis. Figure 53 illustrates this type of 
evacuation map.

Runup and inundation from locally generated tsunamis 
are extremely sensitive to details of the source uplift 
and subsidence, so a thorough parametric analysis of 
coseismic deformation is needed for tsunami hazard 
assessment. This investigation accomplished this for 
estimation of the Cascadia subduction zone tsunami 
hazard to Cannon Beach, Oregon. Coseismic defor-
mation was explored by constructing source scenarios 
with the new fault dislocation model of Wang and He 
(2008) and then simulating tsunamis with a new finite 
element hydrodynamic model, SELFE (Zhang and Bap-
tista, 2008). We used the marine paleoseismic record 
to establish recurrence bins from the 10,000-year event 
record and selected representative coseismic slips from 
these data. Assumed slips on the megathrust were 
~8 m (~300 years of convergence), ~15 m (525 years 
of convergence), ~22 m (~750 years of convergence), 
and ~38 m (~1,300 years of convergence) which, if the 
sources were extended to the entire Cascadia margin, 
gave Mw varying from approximately 8.3 to 9.3. We 
further explored how this slip was distributed, includ-
ing symmetric versus seaward skew of slip, partition 
to a splay fault or concentration under forearc basins, 
forearc banks, and seaward of the transition from con-
tractional to extensional deformation of the North 
American Plate.

Ground truth checking of the simulated inundation 
against historic observations for the 1964 Alaska tsu-
nami and minimum inundation inferred from three 
Cascadia tsunami deposits provided a key quality 
check, as did standard benchmark tests conducted by 

Zhang and Baptista (2008). Cascadia scenarios ~14-15 
m slip and significant slip patches offshore of Cannon 
Beach were the minimum events needed to inundate 
beyond the inland reach of three Cascadia tsunami 
deposits emplaced in the last ~1,000 years. Runup 
and inundation were linearly correlated with scenario 
slip on the subduction zone. Presence of a splay fault 
amplified tsunami water level at the open coast by 6 to 
31 percent and inundation in a river valley by 2 to 20 
percent. Buried ruptures on the megathrust produced 
first-arriving tsunamis delayed relative to the splay 
fault cases. Submarine bank ruptures generated rising 
ocean levels from the start of the simulation due to the 
locally large rupture width. Forearc basin slip patches 
generated much smaller tsunamis, similar to distant 
tsunamis, because the nearest basin is ~100 km south 
of Cannon Beach. Changes in rupture width of ±20 km 
on the regional rupture scenarios had little effect on 
the tsunamis, but seaward skew of slip produced higher 
open coastal runup than scenarios with symmetrical 
slip distributions. In all, 25 Cascadia source scenarios 
were constructed and were assigned weights using a 
logic tree that weighted sources according to their fit to 
relevant geologic, geodetic, and geophysical data. We 
derived percentile inundation lines that expressed the 
confidence level (percentage) that a Cascadia tsunami 
will not exceed the line by adding up logic tree weights 
of overlapping inundation scenarios at each numerical 
grid cell. Lines of 50, 70, 90, and 99 percent confidence 
corresponded to maximum runup of 8.9, 10.5, 13.2, and 
28.4 m (NAVD 88). The tsunami source with highest 

SUMMARY AND CONCLUSIONS
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Figure 53. 2008 tsunami evacuation map for Cannon Beach, Oregon, based on theoretical worst-case local and distant tsunami inundation. 
Note that small differences between inundation for the worst-case distant tsunami (orange zone) and local tsunami (orange plus yellow 
zone) between this map corresponding inundation from computer-generated inundation of previous figures is from adjustment of the 
boundaries to more accurately match water elevations to local topography than could be achieved with the grid spacing used by the 
simulations. This map is available online: http://www.oregongeology.org/pubs/tsubrochures/CannonEvac.pdf

 

http://www.oregongeology.org/pubs/tsubrochures/CannonEvac.pd
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logic tree weight (preferred scenario) involved rupture 
of a splay fault with ~15 m slip that produced tsunami 
inundation near the 70 percent confidence line. In a 
similar fashion, maps of maximum tsunami water depth 
and velocity for particular isolines illustrate values not 
exceeded at each confidence level. Five of the 25 Cas-
cadia tsunami scenarios correspond closely to 50, 70, 
90, and 99 percent confidence levels and can be used as 
proxies for a reasonably complete assessment of local 
tsunami hazard. 

Available resources did not permit a complete para-
metric analysis of the hazard posed by distant tsunami 
sources. A distant tsunami that struck in 1964 from a 
Mw 9.2 earthquake in the Gulf of Alaska did damage to 
the Oregon and Washington coasts but, overall, impact 
was to beaches and immediate water front areas (e.g., 
data compiled by Lander and Lockridge, 1989), even 
though the tsunami arrived during a high tide and was 
the largest distant event in historic times. In view of 
these observations, we examined only the 1964 tsuna-

mi from the Gulf of Alaska as a check of the modeling 
approach, and, for a hypothetical maximum, a similar 
Gulf of Alaska earthquake with optimal tsunami direc-
tivity to the Oregon coast. The latter had runup and 
inundation similar to the 40 to 50 percent confidence 
isolines for possible Cascadia tsunamis but is a much 
less likely event than the largest historical tsunami that 
struck in 1964. 

The Tsunami Advisory Council recommended that 
Oregon evacuation maps use inundations from the 
theoretical maximum considered distant earthquake 
and a local Cascadia earthquake approximating the 
99 percent confidence level. The rationale for showing 
both inundation boundaries is the differing evacuation 
planning for distant versus local events. Distant events 
arrive at least 4 hours after the earthquake, giving 
ample time for the national warning system to operate, 
whereas local tsunamis arrive in minutes so the earth-
quake itself is the only practical warning.

RECOMMENDATIONS FOR FUTURE WORK

Construction of tsunami source scenarios for the entire 
Cascadia margin would allow tsunami hazard assess-
ment at and beyond the model limits used here, from 
Neah Bay to Florence, Oregon. Of particular impor-
tance for tsunami hazard assessment in Oregon is the 
southern Cascadia margin where there were as many as 
40 Cascadia earthquakes in the last 10,000 years, giving 
a probability in the next 50 years as high as ~80 percent 
(Goldfinger and others, 2009). 

Given the observation of Myers (1999) that tsu-
nami energy is more efficiently radiated northward 
from southern Cascadia segment ruptures than south-
ward from northern ruptures, construction of south-
ern Cascadia segmentation scenarios is also needed 
to fully explore the hazard to the northern margin. 
If significant tsunami hazard is posed to areas on the 
north margin with little felt shaking, then the national 
warning system would be the only effective warning 
for those areas. Determination of tsunami travel time 
to and runup in areas where the earthquake is not an 
effective warning is a critical sensitivity test.

We recommend that rigorous simulations of the 
AD 1700 tsunami be accomplished at Ecola Creek or 
another area where tsunami deposits from AD 1700 

are well preserved. The primary objective would be to 
determine geologically reasonable variation in coseis-
mic deformation needed to produce a tsunami that 
could deposit the sand. Contemporary tide inferred 
from data of Mofjeld and others (1997) should be used 
as an input for dynamic simulations of tsunami-tide 
interactions. Predictions of velocity and flow depth 
from three-dimensional tsunami simulations from 
analysis of sediment particle size and thickness could 
be compared. 

The Cannon Beach experiment did not definitive-
ly test whether slip patches are concentrated under 
forearc basins, banks, or gravity lows, because, as pre-
viously explained, the adjacent Nehalem Bank (Figure 
12) is anomalous in being located at a gravity low (see 
gravity map of Wells and others [2003]). We recom-
mend that paleoseismic subsidence and paleotsunami 
inundation at Siletz Bay be compared to simulated 
coseismic deformation and inundation from the Casca-
dia earthquake sources of this investigation. Siletz Bay 
lies adjacent to a forearc gravity low (Wells and others, 
2003) directly opposite the axis of a large forearc basin 
where geodetic uplift rate is at a minimum (Mitchell 
and others, 1994).
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We recommend acquisition of high-quality (bare 
earth) lidar data for the entire Cascadia margin. These 
data will provide a single consistent digital elevation 
model far more accurate than data now available. Prog-
ress of this project was severely hampered at one point 
by a datum error in one of the two topographic data 
sets. A single lidar data set would largely eliminate such 
errors.
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FAULT SOURCE MODELING APPROACH

Because of a lack of direct observations of coseismic 
seafloor deformation associated with a great Casca-
dia megathrust earthquake, deformation scenarios are 
“educated guesses” based on our current knowledge 
of the seismogenic behavior of the Cascadia subduc-
tion zone. Three types of information contribute to the 
construction of the rupture and deformation scenarios 
considered in this investigation. 

Geological structural information. This includes the 
geometry of the megathrust and splay faults constrained 
by seismic surveys and locations of other structural fea-
tures of interest (see main text). Geometry of the mega-
thrust is taken from McCrory and others (2004). Splay 
fault geometry is constrained by seismic surveys and 
assumed to coincide with a major fault zone bound-
ing the Pleistocene-Tertiary contact in the accretionary 
wedge (Figures 3, 7, and 13 of the main text).

Paleoseismic data, primarily coseismic coastal sub-
sidence associated with the AD 1700 Cascadia earth-
quake as compiled by Leonard and others (2004). Infor-
mation deduced from Japanese historical records of the 
AD 1700 Cascadia earthquake and tsunami (Satake and 
others, 2003) helps constrain coseismic slip for a typical 
magnitude ~9 event. 

Knowledge and hypotheses based on the studies of 
megathrust earthquakes in other subduction zones. 
Examples include the possible involvement of coseismic 
splay faulting that enhances tsunami generation (Plafk-
er, 1972; Park and others, 2002), a reported correlation 
between the locations of the seismogenic zone and 
forearc basins (Wells and others, 2003), coseismic slip 
concentrated in the landward part of the forearc high 
(Goldfinger and McNeill, 2006), and aseismic behavior 
of the most seaward segment of the megathrust (e.g., 
Wang and Hu, 2006; Wang and He, 2008). Published 
coseismic slip patterns of the 2004 and 2005 Sumatra 
earthquakes (e.g., Chlieh and others, 2007; Hsu and 
others, 2006; Subarya and others, 2006) provide refer-
ences that serve to validate some of the assumed Cas-
cadia rupture models. 

These source parameters informed construction of 
a logic tree in order to explore variation in coseismic 
deformation and consequent Cascadia tsunami impact 
to Cannon Beach. All simulations of surface deforma-
tion from fault ruptures employ the point source solu-
tion from Okada’s (1985) model and emulate coseismic 
deformation between 43.9° N latitude on the central 
Oregon coast to near the Straits of Juan de Fuca at 
~47.9° N latitude.

FAULT SLIP DIRECTION AND MAGNITUDE

Aside from magnitude of coseismic slip, the most 
important control on tsunamigenic seafloor deforma-
tion is spatial distribution of slip. Where the peak slip is 
located and how the slip decreases from its peak loca-
tion, especially how it tapers up dip towards the seafloor, 
strongly control the magnitude and shape of static elas-
tic seafloor deformation. Slip distributions that cause 
large volumes of seafloor displacement at greater water 
depth generally have the potential to generate larger 
tsunami, baring other bathymetrical complications. 
Compared to the importance of and large uncertainties 
in the slip distribution, other factors such as material 
heterogeneity, inelastic behavior, dynamic deforma-
tion, and horizontal seafloor motion are of secondary 
concern. Therefore, the model of a uniform elastic half-
space with a Poisson’s ratio of 0.25 is employed in this 
work. Attention is paid mainly to the most critical issue 
of how to assign coseismic slip along the fault.

Slip direction of the coseismic rupture is assumed to 
be exactly opposite of plate convergence. The plate con-
vergence direction and rate are calculated from Euler 
vectors as explained by Wang and others (2003). 

Maximum coseismic slip in all models is derived 
from four representative interseismic intervals derived 
from offshore Holocene turbidite data (Table 1, main 
text). 

APPENDIX A:  
FAULT DISLOCATION MODELING OF CASCADIA EARTHQUAKE SCENARIOS

by Kelin Wang, Pacific Geoscience Centre, Sidney, British Columbia
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FAULT GEOMETRY AND FAULT MESHES — 
CASCADIA SCENARIOS 

For the Cannon Beach project, two fault geometry 
models are used for Cascadia subduction zone sce-
narios: the model of megathrust without a splay fault 
(buried rupture) and the model of a splay fault merging 
into the megathrust. In each geometrical model there is 
a single fault on which slip is assigned. 

The no-splay-fault, buried rupture model employs a 
megathrust geometry modified from that of McCrory 
and others (2004). In the McCrory and others (2004) 
model, because depth is measured from the sea level, 
the depth of the megathrust is over 5 km at the deforma-
tion front, where the actual depth from the seafloor is 2 
to 3 km. To let the upper surface of the elastic half-space 
approximately represent the seafloor, the most updip 
part of the megathrust is “raised” to 2 to 3 km depth 
by resetting the 5-km slab surface contour of McCrory 
and others (2004) (located seaward of the deformation 
front) to 2 km. This “raised” structure contour line and 
other contour lines of McCrory and others (2004) at 
5-km intervals are used to construct the megathrust 
geometry using GMT program “surface” (http://gmt.
soest.hawaii.edu/). In no-splay-fault models, fault slip 
always tapers to zero at the deformation front, so all 
ruptures are “blind” or buried megathrust events. In 
these models, the exact depth of the shallowest part 
of the mega-thrust is not important, because most of 
the slip occurs farther down dip. Figure A1 illustrates 
the trace of the splay fault and representative structure 
contours on the subduction zone.

For splay-fault models, the fault geometry at >20-km 
depths is identical to that of the no-splay-fault (buried 
rupture) model. The splay fault trace shown in Figure 
A1 is used as the upper edge of the fault. The geometry 
of the fault between this upper edge and the 20-km con-
tour is constructed also using GMT program “surface” 
but with added auxiliary contour lines to ensure that 
the dip of the shallowest part of the splay fault is about 
30° and that it merges into the megathrust smoothly. 
Geologic data supporting the splay fault location and 
dip are presented in the Splay Fault section of the main 
text.

For each fault geometry, a fault mesh is set up which 
exactly follows the observed three-dimensional shape 
and is sufficiently large to include all areas of non-zero 
slip to be modeled. The name of the no-splay-fault mesh 

is f3, and that of the splay-fault mesh is f4. The mesh (f4) 
for the splay-fault is dense near its upper edge, with ele-
ment dimension of about 650 m in the strike direction 
and about half of this size in the dip direction. Because 
of the Cannon Beach focus in this project, both fault 
meshes are limited between 43.9° and 47.9° N latitude.

FAULT PATCHES AND SLIP DISTRIBUTION — 
CASCADIA SCENARIOS

For each fault mesh, five different slip patches are used, 
with three of them being regional “asperities” with slip 
distributed according to simple slip distributions every-
where along the subduction zone (named p2a, p2b, and 
p2c) and two involving local “asperities” (named p3 and 
p4) that have limited extent along the subduction zone. 
Boundaries of p2a, p3, and p4 are shown in Figure A1. 
The symmetric fb76 slip function (q = 0.5) of Freund 
and Barnett (1976) modified for distribution of Equa-
tion 1 of Wang and He (2008) is considered representa-
tive and is used for all five patches. The same slip dis-
tribution but with a seaward skew (q = 0.3) is also used 

Figure A1. Structural boundaries relevant to this study. The areas 
of dark and light shading are the full-rupture and linear transition 
zones used by Satake and others (2003) based on the model of 
Wang and others (2003). Thin red lines are slab contours at 10-km 
intervals.

http://gmt.soest.hawaii.edu/
http://gmt.soest.hawaii.edu/
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with p2a. This gives a total of six scenarios for each fault 
mesh. For the regional asperity models, maximum slip 
at each location is obtained by the local plate conver-
gence rate times the scenario recurrence interval being 
simulated. For the local asperity models, the maximum 
slip is quadratically scaled with the local width of the 
fault patch, so that the slip distribution for each asper-
ity has a three-dimensional bell shape. In plan view, the 
splay-fault scenarios are simply no-splay-fault (buried 
rupture) scenarios truncated by the splay-fault trace, 
although the fault mesh for the splay-fault models is 
much denser and uplift is amplified by the higher dip of 
the splay fault. Coseismic uplift/subsidence calculated 
along an east-west profile crossing Cannon Beach (at 
latitude 35.9° N) for all eight regional asperity scenar-
ios is shown in Figure A2 for complete release of 500 
years of slip deficit on the subduction zone (coupling 
ratio = 1.0). The splay-fault models (solid lines) predict 
larger seafloor uplift. Results along the same profile for 
all four local asperity models are shown in Figure A3. 
Again, the splay fault models give larger seafloor uplift. 
For the local basin-asperity fault patch (p4), no asper-
ity is located offshore of Cannon Beach, and therefore 
the vertical deformation is very small along the Cannon 
Beach profile. 

The updip edge of fault patch p2a is the deformation 
front (seaward boundary of the darkly shaded area in 
Figure A1). The downdip edge (shown as a red line in 
Figure A1) is a best-fit to the “stress boundary” where 
plate coupling decreases (green line in Figure A1) while 
still producing deformation patterns with a reason-
able fit to paleosubsidence data of Leonard and others 
(2004) for the AD 1700 Cascadia earthquake (red line 
in Figure A4). The “stress boundary” marks a transi-
tion of structural style (see main text). Seaward of it, 
the fold and thrust structure of the accretionary prism 
indicates predominantly east-west compression (main 
text). Landward of it, the structure indicates much less 
compression or even east-west tension. The red line 
boundary in Figure A1 was derived by using the sym-
metric fb76 slip distribution (q = 0.5) in a trial and error 
approach with slip consistent with 500 years of plate 
convergence to obtain the best compromise between 
the “stress boundary” and the paleosubsidence data. 

The symmetric fb76 slip distribution (modified by 
Wang and He [2008]) on the p2a patch is shown in 
Figure A5, together with the predicted vertical sur-
face deformation. The splay-fault version of the same 

distribution and its surface deformation are shown in 
Figure A6 for comparison. Freund and Barnett (1976) 
preferred a q value (skewness) of 0.3 on the basis of 
limited observations of coseismic vertical deformation 
caused by the Mw 9.2 Alaska earthquake of 1964. An 
fb76 slip with q = 0.3 is thus used with the p2a patch to 
test the sensitivity of tsunami models to the skewness 
of the slip distribution. Coastal subsidence predicted by 
this seaward skewed slip distribution (green curve in 
Figure A4) is systematically less than that predicted by 
the symmetric slip on the same fault patch. 

Fault patches p2b and p2c differ from p2a in that the 
downdip boundary is located 20 km seaward and land-
ward, respectively. They are called “narrow” and “wide” 
in Figure A4. Only the modified symmetric fb96 slip 
distribution is used for these two fault patches. Both 
models fit the AD 1700 coastal subsidence data much 
more poorly than does the p2a model (Figure A4). 

Fault patch p3 is based on the assumption that off-
shore banks may be the location of rupture asperities 
(Figure A1). Such asperities were inferred at islands 
and submarine highs in the December 2004 Sumatra 
earthquake (Goldfinger and McNeill, 2006). 

Fault patch p4 is based on the assumption by Wells 
and others (2003) that offshore basins may be the loca-
tion of rupture asperities. Patch p4 is modified from one 
of the “basin asperities” that Wells and others (2003) 
inferred from gravity anomalies by letting it be divided 
into two smaller asperities by the bank directly offshore 
of Cannon Beach (Figures A1 and A4). Both scenarios 
are further detailed in the main text. For both asper-
ity models, a symmetric, modified fb76 slip distribu-
tion is applied, and the maximum slip is quadratically 
scaled with downdip patch width. The slip distribution 
and surface deformation for p3 are shown in Figure A7. 
Figure A8 depicts the splay-fault version. The p4 defor-
mation is not illustrated but is simply the reverse of the 
p3 deformation. 

All of the illustrations of coseismic deformation 
assume that 500 years of Cascadia plate convergence 
is released as slip. The vertical components of coseis-
mic deformation from each scenario were transmitted 
to the tsunami modeling team as x-y-z data; they then 
scaled the components up or down linearly to simulate 
longer or shorter interseismic intervals.

See References section of the main text for publications 
cited in this appendix.
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Figure A2. Model results of regional asperity models along an east-west profile at the 
Cannon Beach, Oregon, latitude. No-splay-fault (buried rupture) profiles are shown 
using circles. Splay-fault results are shown using solid lines. Deformation is for complete 
release of 500 years of slip deficit on the subduction zone (coupling ratio = 1.0).

Figure A3. Coastal subsidence predicted by buried rupture, regional slip patch models 
and comparison with 1700 coseismic subsidence data using 500 years of slip release. 
500 years is the approximate mean recurrence of Cascadia earthquakes. Square and 
large circles indicate best quality and better quality data as explained in Leonard and 
others (2004). Models use the symmetric fb76 slip modified for Equation 1 of Wang and 
He (2008) but varying rupture width by ±20 km from the best fit width to geologic data; 
bold line = preferred medium-width rupture patch), dotted line = 20 km narrower, and 
thin line = 20 km wider. To test for sensitivity of tsunami simulations to seaward skewed 
(SS) slip (q = 0.3) one model was constructed using a medium patch width (dashed line).
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Figure A4. Coastal subsidence predicted by no-splay-fault, regional asperity models and comparison with AD 1700 
coseismic subsidence data using 500 years of slip release. 500 years is the approximate mean recurrence of Cascadia 
earthquakes. Square and large circles indicate best quality and better quality data as explained by Leonard and others 
(2004). Models use the symmetric fb76 slip modified for Equation 1 of Wang and He (2008) but varying rupture width 
by ±20 km from the best fit width to geologic data; red line indicates p2a (medium patch width), yellow line indicates 
p2b (narrow), and black line indicates p2c (wide). To test for sensitivity of tsunami simulations to seaward skewed slip 
(q = 0.3), one model was constructed using a medium patch width (p2a, green line).
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Figure A5. Fault slip distribution (left) and resultant surface vertical deformation (right) for the no-splay-fault model of medium p2a 
patch with modified symmetric fb76 slip distribution. Red is ~17-18 m slip (left) and ~3 m uplift (right). 
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Figure A6. Fault slip distribution (left) and resultant surface vertical deformation (right) for the splay-fault model of medium p2a patch 
with symmetric fb76 slip distribution using 500 years of plate convergence to simulate coseismic slip. Red is ~17-18 m slip (left) and ~6 
m uplift (right).
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Figure A7. Fault slip distribution (left) and resultant surface vertical deformation (right) for the no-splay-fault “bank asperity” model (p3 
patch). Red is ~17-18 m slip (left) and ~3 m uplift (right).
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Figure A8. Fault slip distribution (left) and resultant surface vertical deformation (right) for the splay-fault “bank asperity” model (p3 
patch). The “gap” in the surface observation grid is the trace of the splay fault. Red is ~17-18 m slip (left) and ~4.5 m uplift (right). The 
“basin asperity” (p4 patch) model is simply the inverse of this pattern. 
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