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Substantial risk of an M9 earthquake on the Cascadia Subduction 
Zone (CSZ) exists, yet few fully likelihood-based spatial models 
have been developed for them.  Many studies use just a handful of 
predetermined earthquakes to represent the full range of those 
possible. While Lévy Processes have been used to model slips due 
to their convenient stability properties [2], they are heavy-tailed to 
the point of having all moments infinite, which is unrealistic. Here 
we combine paleoseismic subsidence data [3] collected along the 
US and Canadian west coast with GPS-based fault locking rate 
estimates [1] over the CSZ megathrust to fit a fully stochastic 
spatial-statistical model for earthquake slips.

Research aim: to better understand and predict variations 
in the spatial coseismic slip distributions of major 
Cascadia earthquakes.

INTRODUCTION

Taper function reduces earthquake slip as a function of
depth along the fault.. The tapering rate is modelled as a
function of latitude using a B-spline basis expansion

MODEL

Figure: Expected earthquake slips (top-left), their standard deviations (top-right), subsidence data and predictions (bottom-left) and
magnitude distribution (bottom-right) for normal, positive normal, and lognormal models, all predictions being for the 1700 event.  
Subsidence data is shown as the ”+” symbol, and the 95% prediction bands for the subsidences is given as black lines in the bottom-left plot.

RESULTS

CONCLUSIONS
While CV seems to imply the slip distributional assumptions do 
not impact 1700 event predictions, the assumptions make a much 
bigger difference for marginal distribution error, which is 
effectively the error for predicting future events where we have no 
subsidence observations to base predictions off of. The positive 
Gaussian model seems to perform the best in that setting, with 
uniformly less bias, variance, and MSE than the Gaussian model, 
which has lower bias, variance, and MSE than the lognormal 
model. The parameters and distributions used for the positive 
Gaussian model were the same as for the standard Gaussian model 
except simulations with negative values were thrown out, implying 
that the parameters of the positive Gaussian model could be further 
optimized to produce a better fit. This also implies that the fit of 
the model is highly dependent on distributional assumptions when 
making future predictions, while being more robust to 
distributional assumptions as the number of subsidence 
observations increases for historical earthquakes.
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date of this event (26 January 1700), determined 
from a far-fi eld tsunami documented in Japan 
(Satake et al., 1996), is consistent with tree-ring 
studies constraining tree submergence to be-
tween the 1699 and 1700 growth seasons (Yama-
guchi et al., 1997) and Native American oral 
records of a shaking and fl ooding event between 
1690 and 1715 (Ludwin et al., 2005).

Buried soils at Cascadia represent a sequence 
of events over the past ~6500 yr (Fig. 4). The 
length of the record is determined by the re-
gional pattern of sea-level change in the late 
Holocene. We assume that the buried soils re-
sult from coseismic subsidence during subduc-
tion zone earthquakes (see discussion in Nelson 
et al., 1996a). Correlation of buried soils is 
often  possible within individual or closely lo-
cated estuaries, generally by “bar-code” match-
ing (e.g., Atwater and Hemphill-Haley, 1997), 
but large uncertainties in radiocarbon ages 
make correlation problematic over greater on-
shore distances. In most cases, calibrated radio-
carbon ages represent maximum limiting ages 
(age of detrital material within buried soils that 
must predate the soil itself as well as the coseis-
mic displacement); closely limiting ages can be 
provided by dating of growth-position fossils in 
the buried soil (close maximum) or in the over-
lying sediment (rhizomes of colonizing plants; 
close minimum) (e.g., Atwater et al., 2004a).

Atwater et al. (2004a, 2004b) correlated 
buried soils in southern Washington and north-

ern most Oregon using a combination of high-
precision radiocarbon data to produce an 
~4000 yr time line of plate-boundary earth-
quakes in that region (vertical bars under “SW 
WA/NW OR” in Fig. 4). Earthquake and/or 
tsunami histories have also been estimated at 
other estuaries and/or coastal lakes in Oregon 
(Kelsey et al., 2002, 2005; Nelson et al., 1996b, 
2004, 2008; Witter et al., 2003) and northern 
California (Garrison-Laney et al., 2006; Patton 
and Witter, 2006).

Coastal marshes on Vancouver Island, British 
Columbia, preserve only the A.D. 1700 buried 
soil and one previous tsunami deposit (Fig. 4) 
above older bedrock or Pleistocene sediments, 
but some older events are preserved as tsunami 
deposits in coastal lakes, with limited, generally 
unquantifi able microfossil evidence for coseis-
mic subsidence (Hutchinson et al., 1997, 2000; 
Clague et al., 1999). One explanation for the 
lack of older buried soils is long-term local  tec-
tonic uplift at a rate faster than eustatic sea-level 
rise (e.g., Bindoff et al., 2007), such that the pre-
vious earthquake records have been erased by 
erosion/bioturbation. Compilations of Holocene 
relative sea-level changes (Friele and Hutchin-
son, 1993; Hutchinson et al., 1997, 2000) indi-
cate that the west coast of Vancouver Island has 
been rising in the late Holocene, with a relative 
sea-level fall of ~1–1.5 mm/yr. Long-term tec-
tonic uplift could relate to the behavior of the 
megathrust fault, which may be complex in this 

area due to the proximity of the Nootka fault and 
adjacent young Explorer plate (Fig. 1).

A correlated “event” based solely on the on-
shore buried soil record could represent rupture 
of the entire margin in one megathrust earth-
quake. However, events that appear to have 
similar ages at different sites may result from 
different earthquakes on adjacent segments 
separated by days (e.g., Solomon Islands: M 8.0 
and 8.1, July 1971; Lay and Kanamori, 1980), 
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Figure 2. Pattern of interseis-
mic and coseismic deformation 
associated with a subduction 
thrust fault (modified from 
Atwater  et al., 2005). Note 
that the magnitude of uplift/
subsidence  varies with distance 
from the locked/rupture zone.

N

48°N

46°N

44°N

42°N

BC
WA

Full-Rupture Zone
Transition Zone

OR
CA

DesertedLk.

Tofino
PortAlberni

Quinault R.

Willapa Bay

Copalis R.
Gray’sHarbor

ColumbiaR.
Necanicum R.
Tillamook BayNetarts BayNestucca BaySalmon R.Siletz BayYaquina BayAlsea Bay
Siuslaw R.

Umpqua R.
Coos BayCoquille R.

Sixes R.

Humboldt Bay
Singley Flat

Eel R.

Lagoon Ck.

Bradley Lk.

Discovery
Bay

CatalaLk.

Kanim
Lk.

Juan de FucaCanyon

AstoriaChannel

HydrateRidge

RogueApron

126°W

100 km

Nehalem R.

124°W

a

b

c

d

Figure 3. Location of coastal data sites rela-
tive to the full-rupture (dark gray) and 
transition (medium gray) zones. White-
fi lled circles—buried soil sites. Black-fi lled 
 circles—tsunami/turbidite deposit sites. 
White lines labeled a–d show locations of 
profi les in Figures 9 and 11.
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Subsidence data [3]:
How much the ground sunk 
along the coast from major EQs 
in the last 7,000 years
Locking rate data product [1]:
How tension is building up over 
the fault spatially.  Based on 
GPS observations over last 30 
years for idea of correlation and 
variability scales of EQ slip.
Uncertainty:
Rough estimates for both 
datasets.  Subsidence SD 
inflation estimated from data.
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d : depth (m)

d⇤ : max depth (m)

� : rate parameter

Slip	Taper Slip	Distribution

~X = �~⇣ + ~⇠

log( ~X) = µ⇠ + log(~⇣) + log(~⇠)

~Y = GT ~⇣ + ~✏

~X : locking rate data

~Y : subsidence data

� (or µ⇠) : scaling factor

~⇣ : untapered slips

~⇠ : locking rate uncertainty

G : Okada model giving subsidences from slips

T : diagonal taper matrix

~✏ : subsidence uncertainty

~X = �~⇣ + ~⇠

log( ~X) = µ⇠ + log(~⇣) + log(~⇠)

~Y = GT ~⇣ + ~✏

~X : locking rate data

~Y : subsidence data

� (or µ⇠) : scaling factor

~⇣ : untapered slips

~⇠ : locking rate uncertainty

G : Okada model giving subsidences from slips

T : diagonal taper matrix

~✏ : subsidence uncertainty

~X = �~⇣ + ~⇠ (Gaussian model)

log( ~X) = µ⇠ + log(~⇣) + log(~⇠) (Lognormal model)

~Y = GT ~⇣ + ~✏

~X : locking rate data

~Y : subsidence data

� (or µ⇠) : scaling factor

~⇣ : untapered slips

~⇠ : locking rate uncertainty

G : Okada model giving subsidences from slips

T : diagonal taper matrix

~✏ : subsidence uncertainty
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We model three difference marginal slip distributions:
normal, positive (truncated) normal, and lognormal.

Figure: Possible subsidence evidence along the Duwamish river.
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Figure: Image from [3]. Between earthquakes, the ground
often rises as tension builds before the next quake. After the
quake, the ground will subside back to its original state

Cross-Validation

It would be possible to use a Gaussian-Log-Gaussian mixture 
model introduced in [4] or something similar to better account for 
varying skewness of the slip distribution throughout 
space. Additionally, it will be important to better account for 
nonstationarity in slip over the shallowest portions of the CSZ 
fault, since the taper primarily affects the medium depth portions 
of the fault.  Aside from just creating better models for earthquake 
slip, it will also be important to use earthquake slip models for 
generating random tsunamis to account for the highly 
nonstationary and nonlinear tsunami inundation distributions of 
CSZ earthquakes along the west coast.

FUTURE WORK
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normal positive normal lognormal

Marginal

MSE 0.47 0.33 0.74

bias 0.34 0.17 0.52

variance 0.16 0.10 0.27

1700

MSE 0.32 0.32 0.33

bias 0.15 0.15 0.14

variance 0.0061 0.0059 0.0089

1

Table: Cross-validation performed for subsidence data under the marginal 
distribution (what would be used to predict any future earthquake), and the 
predictive distribution for the 1700 earthquake event.


