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Megathrust Earthquakes in Cascadia

Cascadia Subuction Zone has a history of M9 Earthquakes
�Coastal subsidence
�Tsunami records

�Offshore turbidites (geology deposit of turbidity currents)
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Megathrust Earthquakes in Cascadia

Cascadia Subuction Zone has a history of M9 Earthquakes
�Coastal subsidence
�Tsunami records
�Offshore turbidites

•Last Cascadia Earthquake in 1700 AD
�Estimated M ~ 8.7 – 9.2 [Satake et al., 2003]

10-14% chance of another M9 earthquake 
in the next 50 years [Petersen et al., 2002]
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The Really Big One

An earthquake will destroy a sizable portion of the coastal Northwest. The question is when.
BY KATHRYN SCHULZ

W

The next full-margin rupture of the Cascadia subduction
zone will spell the worst natural disaster in the history of the
continent.
ILLUSTRATION BY CHRISTOPH NIEMANN; MAP BY ZIGGYMAJ / GETTY

hen the 2011 earthquake and tsunami struck

Tohoku, Japan, Chris Goldfinger was two

hundred miles away, in the city of Kashiwa, at an

international meeting on seismology. As the shaking

started, everyone in the room began to laugh.

Earthquakes are common in Japan—that one was the

third of the week—and the participants were, after all, at

a seismology conference. Then everyone in the room

checked the time.

Seismologists know that how long an earthquake lasts is

a decent proxy for its magnitude. The 1989 earthquake in Loma Prieta, California, which killed

sixty-three people and caused six billion dollars’ worth of damage, lasted about fifteen seconds

and had a magnitude of 6.9. A thirty-second earthquake generally has a magnitude in the mid-

sevens. A minute-long quake is in the high sevens, a two-minute quake has entered the eights,

and a three-minute quake is in the high eights. By four minutes, an earthquake has hit

magnitude 9.0.

When Goldfinger looked at his watch, it was quarter to three. The conference was wrapping up

for the day. He was thinking about sushi. The speaker at the lectern was wondering if he should

carry on with his talk. The earthquake was not particularly strong. Then it ticked past the sixty-

second mark, making it longer than the others that week. The shaking intensified. The seats in

the conference room were small plastic desks with wheels. Goldfinger, who is tall and solidly

built, thought, No way am I crouching under one of those for cover. At a minute and a half,

everyone in the room got up and went outside.

It was March. There was a chill in the air, and snow flurries, but no snow on the ground. Nor,

from the feel of it, was there ground on the ground. The earth snapped and popped and rippled.

It was, Goldfinger thought, like driving through rocky terrain in a vehicle with no shocks, if

both the vehicle and the terrain were also on a raft in high seas. The quake passed the two-

minute mark. The trees, still hung with the previous autumn’s dead leaves, were making a
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The M9 Project
An ambitious beginning…

Design by 
Nasser Marafi



3-D Simulations
Accurately captures rupture 

directivity, basin amplification, 
edge-converted waves, duration

Erin WirthArt Frankel
Broadband Synthetic 

Seismograms



Landscape response
Coseismic landslides 
Landscape evolution

Photo: Sean LaHusen
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50+ M9 Earthquake Scenarios
Frankel et al., 2018, BSSA Wirth et al., 2018, BSSA https://www.designsafe-ci.org
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Slide c/o Erin Wirth & Nasser Marafi

50+ M9 Earthquake Scenarios
Frankel et al., 2018, BSSA Wirth et al., 2018, BSSA

What is the range of possible ground shaking from an M9?

What are the key rupture parameters?

https://www.designsafe-ci.org



Key Rupture Parameters



• Hypocenter Location (i.e. starting point)
• Down-dip Rupture Limit
• Slip Distribution*
• Subevent Location

• Average Rupture Velocity
• Magnitude*

*Background slip and subevents, separately

Rupture Propagation

Number of SubeventsLocation of Hypocenter

Rupture Parameters

Southern

Central

Northern

Rupture Extent Slip Distribution

Subevent Locations

1

2

3

4

Key Rupture Parameters



• Hypocenter Location
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• Hypocenter Location
• Down-dip Rupture Limit
• Slip Distribution
• Subevent Location 
(i.e. the location of strong ground motion 
generating areas or “sticky patches”)

• Average Rupture Velocity
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How is ground shaking impacted by 
these earthquake parameters?



üHypocenter Location Factor of ~10
üDown-dip Rupture Limit Factor of ~5
üSlip Distribution* Small 
üSubevent Location Factor of ~10

• Average Rupture Velocity
• Magnitude*

Key Rupture Parameters How is ground shaking impacted by 
these earthquake parameters?

*Background slip and subevents, separately

v M9 earthquake simulations for Cascadia capture 
a range of possible ground motions

• Up to a 10x variation in Sa (at individual sites)

Main Takeaways:



üHypocenter Location Factor of ~10
üDown-dip Rupture Limit Factor of ~5
üSlip Distribution* Small 
üSubevent Location Factor of ~10

• Average Rupture Velocity
• Magnitude*

Key Rupture Parameters How is ground shaking impacted by 
these earthquake parameters?

*Background slip and subevents, separately

v In the Seattle basin, rupture directivity effects 
(i.e., hypocenter location) appear to couple with 

basin amplification

Main Takeaways:



üHypocenter Location Factor of ~10

üDown-dip Rupture Limit Factor of ~5

üSlip Distribution* Small 

üSubevent Location Factor of ~10

• Average Rupture Velocity

• Magnitude*

Key Rupture Parameters How is ground shaking impacted by 
these earthquake parameters?

*Background slip and subevents, separately

v Constraining high stress drop subevents (i.e., 
location, magnitude, stress drop) is critical to 

improving seismic hazard assessment

Main Takeaways:



The M9 Project
Impact and Results
Implications of the 50 Cascadia earthquake simulations

• Found the collapse risk of modern reinforced concrete shear wall buildings in the M9 CSZ to be larger 
than anticipated
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Steel 
Reinforcing 

Yielding

Likely Slab-
Column/Wall 

Failure

Structural Response Realization Rupturing Towards Seattle

Seattle La Grande

Slide c/o Jeff Berman



29

Structural Response for Seattle
Rupturing Towards Seattle Rupturing Away from Seattle

Slide c/o Jeff Berman



The M9 Project
Impact and Results
Implications of the 50 Cascadia earthquake simulations

• Found the collapse risk of modern reinforced concrete shear wall buildings in the M9 CSZ to be larger 
than anticipated

• M9 results informed recommendations for the design of tall buildings in Seattle

• Created landslide inventory for Oregon Coast Range & advanced modeling 
of coseismic landslides



Landscape response
Coseismic Landslides 
Landscape Evolution

Photo: Sean LaHusen2016 Kaikoura Earthquake



Landscape response
Coseismic Landslides 
Landscape Evolution

Alex Grant: USGS

• Predict coseismic
displacement from 

modeled strong ground 
motion



Landscape response
Coseismic Landslides 
Landscape Evolution

Sean LaHusen: UW

• Map and date Cascadia 
coseismic slides (1700 

and earlier)



M9 Coseismic Landslides
Location Lat. Lon. PGA Range !"#
Forks, WA 47.95 -124.38 0.26 – 1.26 0.66
Coos Bay, OR 43.36 -124.22 0.25 – 1.34 0.65
Aberdeen, WA 46.97 -123.82 0.20 – 1.10 0.57
Tillamook, OR 45.45 -123.84 0.26 – 1.06 0.53
Olympia, WA 47.03 -122.88 0.12 – 0.71 0.32
Port Angeles, WA 48.12 -123.43 0.12 – 0.63 0.31
Longview, WA 46.14 -122.94 0.12 – 0.44 0.26
Grants Pass, OR 42.94 -123.33 0.14 – 0.43 0.24
Salem, OR 44.94 -123.04 0.10 – 0.65 0.22
Portland, OR 45.52 -122.67 0.12 – 0.47 0.21
Seattle, WA 47.60 -122.33 0.10 - 0.34 0.20
Eugene, OR 44.05 -123.08 0.11 – 0.32 0.19
Bellingham, WA 48.75 -122.48 0.07 – 0.36 0.17

Photo: Sarah Harbert

Seattle’s unstable slopes



Sources: Seattle Times, https://data.seattle.gov/dataset/City- Of-Seattle-Environmentally-Critical-Areas/zwze-9nv3

Perkins Lane Landslide

Oso Landslide

Seattle Landslide Inventory (showing events through 2010)

Seattle’s Unstable Hillslopes



Sources: Kathryn Schulz, The New Yorker; Keefer (2002) 

"The shaking from the Cascadia quake will 

set off landslides throughout the region—

up to thirty thousand of them in Seattle 
alone, the city’s emergency-management 

office estimates."

???



M9 Coseismic Landslides

Place
Material Strength 
Ground Saturation

Landslide Models

Hazard Model

Coseismic Block Displacement
Shaking Intensities

Newmark Analysis
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Shallow (translational) slides

Deep-seated (rotational) slides

M9 Coseismic Landslides

ky

Factor of Safety Calculation 
(Resisting Forces vs. Driving Forces)



Slide c/o Alex Grant

M9 Coseismic Landslides
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ky is the yield acceleration

[the acceleration above which
downslope motion will occur]

Deep-seated (rotational) slides

Shallow (translational) slides



Slide c/o Alex Grant

M9 Coseismic Landslides

!" = $% − ' ()*+

ky

ky is the yield acceleration

[the acceleration above which
downslope motion will occur]

ky > PGA: Stable

ky < PGA: Unstable

ky

ky

Slope is strong relative 
to ground shaking

Slope is weak relative to 
ground shaking, fails 
coseismically



M9 Coseismic Landslides

Wet / WinterDry / Summer

Slide c/o Alex Grant



M9 Coseismic Landslides 515% increase in areas of >5% predicted probability
of deep rotational landslides dry to wet

Wet / WinterDry / Summer

Slide c/o Alex Grant



M9 vs. Seattle Fault

USGS



Good news

We have a method that appears to provide accurate 
spatial (i.e., location) predictions of landslides.

M9 landslides will be numerous, but perhaps somewhat 
less severe than initially expected in Seattle.

Concerns

We can not predict the seasonal timing 
of coseismic landslides, and we know that 
consequences are worse under wet conditions.

A Seattle fault earthquake is the dominant
coseismic landslide event.

What remains

Mapping of other areas that will shaken more strongly 
by M9 (e.g., the coast)

Assessment of the consequences of coseismic landslides 
(especially on roads and infrastructure)

Enact policy and communication with stakeholders



M9 Coseismic Landslides
Location Lat. Lon. PGA Range !"#
Forks, WA 47.95 -124.38 0.26 – 1.26 0.66
Coos Bay, OR 43.36 -124.22 0.25 – 1.34 0.65
Aberdeen, WA 46.97 -123.82 0.20 – 1.10 0.57
Tillamook, OR 45.45 -123.84 0.26 – 1.06 0.53
Olympia, WA 47.03 -122.88 0.12 – 0.71 0.32
Port Angeles, WA 48.12 -123.43 0.12 – 0.63 0.31
Longview, WA 46.14 -122.94 0.12 – 0.44 0.26
Grants Pass, OR 42.94 -123.33 0.14 – 0.43 0.24
Salem, OR 44.94 -123.04 0.10 – 0.65 0.22
Portland, OR 45.52 -122.67 0.12 – 0.47 0.21
Seattle, WA 47.60 -122.33 0.10 - 0.34 0.20
Eugene, OR 44.05 -123.08 0.11 – 0.32 0.19
Bellingham, WA 48.75 -122.48 0.07 – 0.36 0.17



Sean LaHusen – PhD student UW

Where are the M9 Coseismic Landslides ?
And how do we date them?

Photo: Phil Schoettle-Greene

Alison Duvall, Alex Grant, Joseph Wartman, David Montgomery

Josh Roering & Will Struble

Adam Booth



Big questions

1. Is there evidence of widespread landsliding in Cascadia 
triggered by the last M9 Cascadia Subduction Zone 
earthquake, in AD 1700?

2. Where are these slides and do their locations correlate 
with predicted peak ground accelerations (PGA)?



Landslide deposits smooth over time
Time	(yrs)

x	[m]

y	
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]
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Hillslope	
transport	
coefficient

Critical	
slope

Slope

Soil	flux

K =	0.003	m2/yr Booth et al. (2017)Roering et al. (1999)



LaHusen, et al. (2016)



LaHusen, et al. (2016)



Construct landslide chronology

Booth, et al. (2017)
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• Close to Cascadia Subduction Zone, relief
• Expansive (~60km x 200km)
• Similar lithology

• Eocene sandstone and siltstone
• LiDAR available (DOGAMI)
• Extensive deep seated landslides
• Minimally deformed

• Long wavelength, open folds
• Most bedding subhorizontal to gently 

dipping



Oregon Coast Range
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n = 9,700



• Deep-seated translational and 
rotational slides

• Clearly defined headscarp and 
body

• All complexes mapped as 
separate slides

• Avoid channelized earthflows 
or rock avalanche deposits

• >10,000m2 area

n = 9,700



Struble et al. (in review), Worona & Whitlock, 1995, 
Hammond et al., 2009, Richardson et al., 2017
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Calibrated Landslide Surface Roughness-Age Regression
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Calibrated Landslide Surface Roughness-Age Regression
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Big questions

2. Where are these slides and do their locations correlate with 
predicted peak ground accelerations (PGA)?



Density of landslides

n = 9,734
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Density of landslides <750yp
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What drives variation in young 
landslide density across this landscape?
• Lithology (mud:sand ratios)
• Structure (dip slope failures)
• Other seismic triggers (shallow crustal 

faults)
• Precipitation/storms
• Localized changes in erosion



Conclusions and Next Steps
• Peaks in landslide age may correlate 

with AD 1700, requires more testing

• How many slides were triggered 
during the AD 1700 M9 earthquake?

• Landslide density varies substantially 
across the study area

• PGA does not correlate with locations 
of young landslides, what does it 
correlate with?

• How can these results inform landslide 
susceptibility models in Cascadia?



Summary

ky < PGA: Unstable
ky

M9: http://m9.uw.edu
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