
ABSTRACT

Coastal marshes record a 6500 yr history 
of coseismic displacements in great earth-
quakes at the Cascadia subduction zone. We 
compiled estimates of coseismic displacement 
for past megathrust events based on correla-
tions with megathrust-triggered turbidites, 
and estimated megathrust slip based on com-
parisons of marsh displacements with dis-
location model predictions. Age-correlated  
marsh data are compatible with event rup-
ture extents defi ned by the published turbi-
dite record , and a 6500 yr mean recurrence 
interval that increases northward from ~230 
to ~480 yr. Within the constraints of the 
marsh data, the width of the coseismic rup-
ture zone generally agrees with the downdip 
width of the interseismic locked zone inferred 
from geodetic and thermal data. In southern-
most Cascadia, where the model does not 
include the complex deformation near the 
Mendocino triple junction, the coastal data 
may be better fi t by a model with an ~25% 
narrower rupture than that inferred from 
regional geophysical data. At each coastal 
marsh site, coseismic displacements are 
roughly similar from event to event, indepen-
dent of the time since the previous event. Slip 
in the A.D. 1700 earthquake was consistent 
with the preceding interval of strain accu-
mulation (~200 yr) only at the northern and 
southern ends of the margin, but it was ap-
parently much higher in southern Washing-
ton and northern Oregon, possibly indicating 
postseismic contamination and/or catch-up 
coseismic slip to make up for a defi cit in the 
preceding event. Overall agreement between 
the dislocation models and the marsh data 
for most of the margin implies that such 
models can be usefully applied to rupture 
and ground shaking predictions.

INTRODUCTION

Southwestern Canada and the northwestern 
United States are at signifi cant risk from great 
earthquakes (M > 8) and tsunamis that occur 
on the Cascadia subduction zone (Fig. 1) ap-
proximately every 500 yr (e.g., Atwater and 
Hemphill-Haley, 1997; Goldfi nger et al., 2008). 
Simulations suggest that a future great earth-
quake will result in widespread damage to the 
region; high-rise buildings are particularly at risk 
from ground shaking (Olsen et al., 2008), and 
coastal areas are at risk from tsunami inundation 
(e.g., Geist, 2005; Cherniawsky et al., 2007).

Along much of the Cascadia coast, the sub-
duction earthquake cycle results in gradual 
interseismic uplift and abrupt coseismic sub-
sidence as the upper plate slowly shortens and 
upwarps due to locking of the plate interface 
and then release of the accumulated strain dur-
ing great earthquakes (e.g., Dragert et al., 1994; 
Fig. 2). The most recent great earthquake in 
A.D. 1700 predates the written historical record  
of the Pacifi c Northwest, but it resulted in burial 
of prehistoric hearths and soils (e.g., Minor and 
Grant, 1996). Buried soils in Cascadia coastal 
marshes provide an up to 6700-yr-long record 
of coseismic displacement events (e.g., Atwater  
and Hemphill-Haley, 1997; Kelsey et al., 2002; 
Witter et al., 2003). Radiocarbon dating and 
along-margin stratigraphy of buried soils (e.g., 
Nelson et al., 2006), tsunami deposits (e.g., 
Kelsey et al., 2005), and offshore turbidites 
(e.g., Adams, 1990; Goldfi nger et al., 2003, 
2008) have been used to establish approximate 
event frequency and rupture extents. Comple-
mentary data on the current rates of interseis-
mic strain come from geodetic measurements 
that can be used to constrain elastic disloca-
tion fault models (e.g., Hyndman and Wang, 
1995; Flück et al., 1997; Wang et al., 2003) 
and estimate fi rst-order coseismic slip magni-
tude. However, it is not clear exactly how the 
pattern of interseismic deformation relates 

to that of coseismic rupture. Episodic tremor 
and slip locations also provide a constraint on 
the downdip limit of rupture (e.g., Kao et al., 
2006). Megathrust fault slip can be constrained 
more directly by comparing the predictions of 
dislocation models for coastal coseismic verti-
cal displacements with those observed in past 
events (Leonard et al., 2004).

Leonard et al. (2004) compared coseismic 
displacements from compiled coastal marsh 
data for the A.D. 1700 megathrust earthquake 
with those predicted from elastic dislocation 
models constrained by geophysical (geodetic, 
thermal, seismic) data. The study showed that a 
simple elastic dislocation model of the seismic 
release of ~550–800 yr of accumulated strain 
can produce coastal subsidence generally con-
sistent with the marsh data. The exceptions are 
at the northern and southern ends of the subduc-
tion zone, where subsidence in A.D. 1700 was 
signifi cantly less than that predicted by these 
models. Based on data available at that time, 
Leonard et al. (2004) took the penultimate 
great megathrust event to have occurred ~600–
1000 yr prior to the A.D. 1700 earthquake (e.g., 
Atwater and Hemphill-Haley, 1997). However, 
turbidite analyses and some coastal data place 
the penultimate event at only ~200 yr prior to 
A.D. 1700 (e.g., Goldfi nger et al., 2008).

In this paper, we examine older (pre–A.D. 
1700) Cascadia great earthquakes and a broader 
range of fault rupture models, expanding on the 
preliminary analysis of Hyndman et al. (2005). 
First, we investigate how the A.D. 1700 earth-
quake compares with other events spanning 
a longer time period. Average estimated rup-
ture and the rupture variability of a number of 
past events are expected to be better predictors 
of future great earthquakes than just the last 
megathrust event. In Cascadia coastal marshes, 
the buried soil from the A.D. 1700 event is the 
uppermost in a sequence of up to 14 buried  
soils (e.g., Nestucca Bay; Darienzo et al., 
1994) extending over ~6500 yr. We compile an 
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extensive  data set of radiocarbon ages and/or 
coseismic displacement estimates for buried 
soils and tsunami deposits (GSA Data Reposi-
tory Table DR11) at sites spanning most of the 
Cascadia coast in northern California, Oregon, 
Washington, and British Columbia (Fig. 3). 
Based mainly on the megathrust event history 
established by Goldfi nger et al. (2008), we es-
timate along-margin patterns of coastal coseis-
mic displacement and infer megathrust slip for 
individual correlated events. We test a range 
of simple elastic dislocation models, consider-

ing variations in earthquake slip, rupture width, 
and rupture length (segmented ruptures). We 
also consider possible effects of transient fault 
behavior (e.g., postseismic slip and viscous re-
laxation), although there is limited constraint on 
these behaviors.

CASCADIA COASTAL MARSH 
COSEISMIC DATA

Estimation of Coseismic Subsidence from 
Paleoseismic Data

The great earthquake cycle has led to the for-
mation of repeated buried peat-mud couplets  
in marsh sediments along the Cascadia coast. 
Coseismic subsidence drops high marsh/upland  
soils into lower intertidal zones to become 

“buried soils,” which are subsequently over-
lain by muddier sediments. During a suffi -
ciently long interseismic period, gradual uplift 
and sedi ment buildup bring the marsh surface 
back to a higher intertidal zone, facilitating the 
development of a new organic-rich soil. Each 
inter tidal zone is characterized by both its or-
ganic content and a distinct assemblage of 
plants, diatoms, and foraminifera, all of which 
are dependent on elevation, mainly controlled 
by relative tolerance to tidal exposure.

Coseismic subsidence estimates are compiled 
here, and additional estimates have been made 
using published stratigraphic and sedimento-
logi cal data, as described in detail by Leonard  
et al. (2004). The magnitude of coseismic 
sub sidence is the difference in paleoelevation 
between each buried soil and the sediment im-
mediately overlying it, which we assume cap-
tures the paleoelevation prior to postseismic 
displacement, i.e., the elevation immediately 
after  the event. In most cases, the deposition of 
low intertidal muddy sediments over the dropped 
soil is expected to occur within a few weeks of 
a megathrust earthquake (e.g., Ovenshine and 
Kachadoorian, 1976), thus leaving little time for 
signifi cant postseismic displacement.

Paleoelevation is estimated by comparing 
the elevation-dependent characteristics of the 
buried  sediment (organic content, macrofossils, 
and microfossil assemblages) with sediment 
characteristics of modern intertidal elevational 
zones. The fossil characteristics are matched 
with a particular intertidal zone to provide a 
paleo elevation range. The error on the coseis-
mic subsidence estimates is primarily due to the 
width of the distinct intertidal zones. Most pub-
lished data are confi ned to organic content (e.g., 
peat, peaty mud) and sometimes macrofossils 
(e.g., spruce stumps, Triglochin rhizomes), 
leading to coseismic subsidence estimate uncer-
tainties of typically ±0.5–0.8 m, but some also 
include detailed microfossil analyses, generally 
leading to higher precision. Transfer function 
analysis of foraminifera, diatoms, and/or pollen, 
incorporating modern training data sets, can re-
duce uncertainties to ±0.2–0.3 m (e.g., Hughes 
et al., 2002; Hawkes et al., 2008; Nelson et al., 
2008). There have been many studies of buried 
soils along the Cascadia margin (sites shown on 
Fig. 3). The measurement and reporting meth-
ods vary, as do the details of the interpretations, 
and we grade the estimates into three quality 
levels (Table DR1 [see footnote 1]).

Cascadia Megathrust Earthquake History

The most recent great Cascadia earthquake 
affected the entire margin from northern Cali-
fornia to central Vancouver Island (Fig. 3). The 
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1GSA Data Repository item 2010076, compila-
tion of coseismic displacement and radiocarbon 
data for Cascadia great earthquakes (Tables DR1–
DR3), is available at http://www.geosociety.org/pubs/
ft2010.htm or by request to editing@geosociety.org.
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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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months (e.g., Sumatra-Nias: M ~9 December 
2004 and M 8.7 March 2005; Banerjee et al., 
2007), years (e.g., Tonankai-Nankaido: M 8.2 
1944 and M 8.2 1946; Nakanishi et al., 2002), 
or decades (e.g., Alaska: M 8.2 1938 and M 9.2 
1964; McCann et al., 1980). Some buried soils 
may refl ect earthquakes that are not recorded 
at other sites for various reasons such as: local 
 upper-plate faulting; short plate-boundary seg-
ment rupture; or long plate-boundary rupture, 
but with too short a preceding strain accumu-
lation period to be recorded at most sites. In 
the case of tsunami deposits, an additional ex-
planation could be a far-fi eld earthquake. Seg-

mentation of plate-boundary events is better 
investigated with the turbidite record. Detailed 
correlations suggest that individual earthquakes 
impart a unique stratigraphic signature (e.g., 
relative thickness, number of sandy pulses) to 
turbidites in separate channels spanning large 
distances (e.g., Goldfi nger et al., 2007a, 2008). 
The turbidite data so far support synchroneity of 
at least most correlated buried soil events (e.g., 
Goldfi nger et al., 2008).

Witter et al. (2003) and Nelson et al. (2006) 
correlated events at up to eight sites along the 
coast from northern California (Lagoon Creek) 
to Vancouver Island. According to their work, 

many events appear to have ruptured at least 
the majority of the margin’s 1200 km length, 
but segmented ruptures have also occurred. This 
is supported by the turbidite record (Goldfi nger 
et al., 2003, 2008), which discriminates be-
tween full- or near-full-margin events (T1, T2, 
T3, etc. in Fig. 4) and thinner turbidites (2a, 3a, 
4a, etc. in Fig. 4) that span varying lengths of 
the southern part of the margin (sometimes as 
far north as northern Oregon). Goldfi nger et al. 
(2008) suggested that segment boundaries occur 
at three forearc structural highs in Oregon. In 
a later section, we investigate such segmented 
ruptures and their expected patterns of coseis-
mic subsidence.

We have compiled radiocarbon ages from the 
literature, making a distinction between ages 
of differing quality (Fig. 4). Using the turbidite 
event time line and correlations of Goldfi nger 
et al. (2008, 2010), we assigned buried soils 
to events with similar ages, and compiled sub-
sidence data for individual events (Fig. 5). Some 
correlations are uncertain and have alternate in-
terpretations. Some ages appear to better match 
a different event than the one correlated, but we 
attempt to provide the simplest set of correla-
tions that are in keeping with the radiocarbon 
age limits. Undated soils and tsunami deposits 
are correlated according to their position in se-
quence. Each full- or near-full-margin event in 
the turbidite record has a correlative in the bur-
ied soil record, but some of the shorter ruptures 
inferred by thinner turbidites do not appear to 
have an onshore record; ~14% of events in the 
past 5000 yr and ~25% in the past 6500 yr ap-
pear to be missing onshore (Fig. 4).

Over the last ~6500 yr, the average recurrence 
interval of megathrust earthquakes in southern 
Cascadia is ~230 yr (Goldfi nger et al., 2008, 
2010). Recurrence intervals increase to ~570 yr 
in northern Cascadia; with no apparent indepen-
dent ruptures in the north, this is also the average 
recurrence for events that produced turbidites 
along the full or near-full length of the margin 
(main events T1 to T12 in Fig. 4). The buried 
soil record suggests that two additional events 
(5a and 10R1) ruptured the margin as far north 
as Gray’s Harbor, Washington (~47°N; Fig. 3). 
This is the northernmost buried soil locality with 
a long pre–1700 record (Fig. 4), so these events 
could extend to off Vancouver Island. Incorporat-
ing these events reduces the average recurrence 
of near-full-margin ruptures, or at least of events 
at 47°N, to ~480 yr. Events 5a and 10R1 did not 
generate observable turbidites at Juan de Fuca 
canyon (Fig. 3), implying that signifi cant shak-
ing did not occur within ~90 km of the canyon 
head at ~48°N (maximum triggering distance 
estimated by Goldfi nger et al., 2007a). How-
ever, an event with a similar age to event 10R1 

Figure 4. Age ranges and proposed correlations of Cascadia plate-boundary events plot-
ted against latitudinal position. Site locations are shown in Figure 3. Ages plotted are the 
calibrated age distributions (at least 95% confi dence, normalized to uniform width) cal-
culated from published radiocarbon ages using OxCal (version 4.0; Bronk Ramsey, 2001) 
with the INTCAL04 terrestrial calibration curve (Reimer et al., 2004). Radiocarbon data 
for buried soil and tsunami deposit horizons are given in Tables DR1 and DR2 (see text 
footnote 1), respectively. Where possible, ages from two or more cores at the same locality 
are combined using the R_Combine feature of OxCal (Table DR3 [see text footnote 1]). 
The ages plotted for events 1, 3, 6,7, 8, and 9 in the southwest Washington/northwest Ore-
gon compilation represent the approximate time of death of trees and/or shrubs, and those 
for events 4 and 5 are bracketed by time of death of trees in the buried soil and age of 
colonizing plants in overlying sediment (Atwater et al., 2004a). Rectangles for events 3 and 
5 at Alsea Bay, and event 4 at Salmon River, are similarly bracketed ages (Nelson et al., 
2004, 2008). Vertical bars link successive events at each site (green—buried soils; blue—
tsunami deposits; orange—selected turbidite deposits). Darker shading is for accelerator 
mass spectrometry (AMS) ages on plant material; lighter shading is for less accurate bulk 
peat dating. Turbidite ages are AMS ages on planktonic foraminifera corrected for marine 
reservoir effects and erosion (white circles) or are inferred ages based on hemipelagic sedi-
ment thickness and sedimentation rates (gray circles) (Goldfi nger et al., 2008, 2010). White 
arrow symbols on age probability distributions mark maximum earthquake ages (see text). 
Open double-pointed symbols show undated events. Where ages overlap within a core, the 
stratigraphically younger age is placed on the left. Gray horizontal lines and lighter shaded 
bars show the estimated timing of each full- or near-full-margin turbidite event (best esti-
mate and uncertainty) from Goldfi nger et al. (2010). Events labeled T1, T2, T3, etc., repre-
sent relatively thick turbidites that are correlated between all core sites; those labeled 2a, 
3a, 10R1, etc., represent relatively thin turbidites that correlate among fewer sites. Pink 
lines correlate data for events with inferred full- or near-full-margin extent; blue lines cor-
relate data for events with more limited along-margin extent. Sources of radiocarbon age 
data: Catala Lk.—Clague et al. (1999); Deserted Lk.—Hutchinson et al. (2000); Kanim 
Lk.—Hutchinson et al. (1997); Port Alberni  and Tofi no—Clague and Bobrowsky (1994a); 
Discovery Bay—Williams  et al. (2005); SW Washington/NW Oregon—events 1, 3–5, 6–9—
Atwater et al. (2004a, 2004b); event 2—Atwater  and Hemphill-Haley (1997); events 5a, 
10, 10R1—Shennan et al. (1996); Necanicum  R.—Darienzo et al. (1994); Netarts Bay—
Darienzo and Peterson (1990); Shennan  et al. (1998); Nestucca Bay—Darienzo et al. (1994); 
Salmon R.—Nelson et al. (2004); Siletz Bay—Darienzo et al. (1994); Peterson et al. (1996); 
Yaquina Bay—Darienzo et al. (1994); Alsea Bay—Peterson and Darienzo (1991); Nelson 
et al. (2008); Siuslaw  R.—Nelson (1992a); Briggs (1994); Umpqua R.—Briggs (1994); N. Coos 
Bay—Nelson (1992a); Briggs (1994); S. Coos Bay—Briggs (1994); Nelson et al. (1996b, 
1998); Coquille R.—Nelson (1992a, 1992b); Witter et al. (1997, 2003); Bradley Lk.—Kelsey 
et al. (2005); Sixes R.—Kelsey et al. (1998, 2002); Lagoon Cr.—Garrison-Laney et al. (2006); 
Humboldt Bay—Vick (1988); Carver et al. (1992); Clarke and Carver (1992); Valentine 
(1992); Pritchard (2004); Patton and Witter (2006); Eel R.—Li (1992). Turbidite cores Juan 
de Fuca (JDF), Astoria, Hydrate, Rogue—Goldfi nger et al. (2008, 2010).
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white circles are low-quality estimates from relative organic content, with macrofossil data for one/no sides of the contact. Thick black lines 
and gray shading represent the weighted average (moving average over 1°°) and uncertainty, respectively, of estimated coseismic subsidence. 
Upward/downward arrows with question marks indicate unquantifi able estimates of uplift/subsidence. Thinner lines (labeled for event 2) 
show the predicted subsidence for megathrust slip of 10 m and 30 m (light-gray lines) and for the release of 500 yr of accumulated strain 
(dark-gray dashed line). See Table 1 for data sources.
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(5270–5310 yr B.P.) did trigger a debris fl ow 
at Effi ngham Inlet, western Vancouver Island 
(~49°N; R. Enkin, 2009, personal commun.). 
Debris fl ows off southern Vancouver Island 
could also correlate with events 5a (Saanich  
Inlet , ~48.5°N: 1831–2006 yr B.P.; Blais-
Stevens  et al., 2009) and 5b (2180–2399 yr 
B.P. at Saanich  Inlet; Blais-Stevens et al., 2009; 
and 2161–2185 yr B.P. at Effi ngham Inlet; 
R. Enkin , 2009, personal commun.). How-
ever, one of these debris fl ows may correlate 
instead with a probable crustal earthquake at 
~2000 yr B.P. that caused subsidence near Victo-
ria and Vancouver (Fig. 1; Mathewes and Clague, 
1994), at sites where no discernable megathrust 
coseismic displacements are expected.

Event Comparison

Table 1 provides a summary of coseismic 
subsidence estimates at each Cascadia marsh 
(see Fig. 3 for locations) both for the A.D. 
1700 event and, where available, pre–A.D. 
1700 events (detailed compilation is available 
in Table DR1 [see footnote 1] and Fig. 5). At 
each site, the mean subsidence (weighted by 
higher-quality data where possible), standard 
deviation, and mean uncertainty are given, as 
well as the number of buried soils represented. 
Higher-quality estimates are marked in Table 1 
and shown with darker symbols in Figure 5.

The pre–A.D. 1700 mean subsidence may 
be biased toward larger events. Some rela-
tively small turbidites have few or no correla-
tives in the marsh record despite the inference 
of shaking for signifi cant distances along strike 
(Goldfi nger et al., 2008). These turbidites may 
represent smaller earthquakes with restricted 
rupture length and/or a short preceding strain 
accumulation period. Some buried soils may 
also be missed; for example, at Willapa Bay 
(Redtail locality), no visible horizon was found 
between those soils correlated with events T1 
and T4, yet an analysis of diatoms showed an 
intervening sharp transition from a high marsh 
to probable tidal fl at environment (Atwater and 
Hemphill-Haley, 1997). If two or more earth-
quakes occur very close together in time, there 
is also the chance of under-representation in the 
turbidite record and/or misinterpretation of it; 
one turbidite may cause erosion of a previous 
deposit, or there may be a lack of intervening 
pelagic sediment. For example, Goldfi nger et al. 
(2003) reported 18 marginwide events in the 
Holocene, but one “event” was later recognized 
as a couplet representing two events, thus mak-
ing it 19 (e.g., Goldfi nger et al., 2008).

We use the mean pre–A.D. 1700 coseismic 
displacements to characterize an average Cas-
cadia event (pre–A.D. 1700 mean in Fig. 6; 

 Table 1). Mean coseismic subsidence is 1.0–
1.6 m in southern Washington, 0.4–0.9 m in 
the northern half of Oregon, 0.7–1.2 m in the 
southern half of Oregon, and 0.7–0.95 m in 
northern California. At the northern end of the 
margin, with only one qualitative pre–A.D. 
1700 data point (at Deserted Lake, Vancouver 
Island), we cannot defi ne the subsidence for an 
average event. On this basis, events T4, T5, T6, 
and T9 appear most similar to an average long-
rupture Cascadia earthquake (Figs. 5 and 6). Of 
the other full- or nearly full-rupture events, the 
least similar to the average are events T2 and 5a, 
which show low to absent coseismic displace-
ments in N. Oregon/S. Washington (~46–47°N), 
but close to mean displacements in central and 
southern Oregon and northern California.

Within the data uncertainties (~±0.5 m), 
the subsidence produced by the A.D. 1700 
earthquake was similar to that produced by an 
average pre–A.D. 1700 Cascadia megathrust 
earthquake (Fig. 6; Table 1). Subsidence in 
A.D. 1700 in southern Washington and north-
ern Oregon was greater than average by up to 
0.6 m (except at Netarts Bay), although the dif-
ference is at the limit of the data resolution. At 
the northern end of the margin (Vancouver Is-
land), microfossil data at Deserted Lake (show-
ing a sudden and lasting change to more saline 
conditions) imply less coseismic sub sidence in 
the A.D. 1700 earthquake (<0.5 m) than dur-
ing event T5 (Hutchinson et al., 2000). Unfor-
tunately, there are no other data from earlier 
events at this or other Vancouver Island sites for 
further comparison.

ELASTIC DISLOCATION MODELING

Coseismic Models

We compared observations of coastal subsi-
dence compiled here with predictions of vertical 
coseismic displacement based on the CAS3D 
elastic dislocation model (Wang et al., 2003). 
We assumed a shallow full-rupture zone, where 
strain accumulated by plate convergence is re-
leased seismically in great earthquakes, and a 
transition zone with a linear decrease from full 
seismic rupture updip to zero seismic rupture 
downdip (Fig. 3). Although some models sug-
gest partial interseismic strain accumulation on 
the shallow fault zone (e.g., McCaffrey et al., 
2007), we assume that the seismogenic portion 
of the fault is fully locked, and that coseismic 
rupture releases the full strain accumulated at 
plate convergence rates during the interseismic 
period. It remains uncertain whether megathrust 
earthquakes fully release the strain accumulated 
over one earthquake cycle, or if coseismic slip 
summed over many earthquake cycles releases 

the total strain accumulated over that time 
(Wang, 2007). We assume a convergence rate 
between the Juan de Fuca and North America 
plates that increases northward from 26 mm/yr 
toward 039° in the south to 45 mm/yr toward 
056° in the north, consistent with plate models 
(e.g., Mazzotti et al., 2003; McCaffrey et al., 
2007). Our model does not account for the small 
effect of the motion of the Cascadia forearc rela-
tive to North America (e.g., Wells and Simpson, 
2001; McCaffrey et al., 2007).

Full coseismic strain release is assumed 
to occur  within the interseismic locked zone 
(Fig. 3), with updip and downdip extents consis-
tent with geodetic data (e.g., Wang et al., 2003), 
thermal constraints (e.g., Hyndman and Wang, 
1993), and inferences from the A.D. 1700 tsu-
nami recorded in Japan (e.g., Satake et al., 2003). 
There is much uncertainty on the coseismic rup-
ture behavior at the updip end of the fault, e.g., 
slip may transfer onto steep splay faults (e.g., 
Flück et al., 1997). The models of Wang and 
He (2008) show that megathrust ruptures are 
generally not expected to break the seafl oor at 
the trench; such blind fault behavior results in 
greater seafl oor uplift than trench-breaking rup-
tures. The updip rupture behavior is thus crucial 
for tsunami generation, but it has very little im-
pact on vertical displacements at the coast.

Recent interseismic dislocation models such 
as CAS3D include a wide time-dependent (“ef-
fective”) downdip transition zone to incorporate 
viscoelastic effects through the earthquake cycle 
(e.g., Wang et al., 2003). The effective transi-
tion zone partially simulates postseismic stress 
relaxation, and its width increases with time 
in the earthquake cycle, so it is appropriate to 
use a narrower transition zone for the coseismic 
model (e.g., Satake et al., 2003). The coseismic 
transition zone used here corresponds to the 
seaward half of the effective transition zone of 
Wang et al. (2003), and it is the same as the tran-
sition zone used in the “Long-Narrow” model of 
Satake et al. (2003).

Coseismic Deformation for Given 
Return Intervals

We modeled the coseismic release of strain 
accumulated over time periods of 200–500 yr 
(encompassing the range of estimated recur-
rence intervals) to predict coastal displace-
ments (Figs. 5, 6, and 7B). Figures 6B and 
7B show coseismic vertical displacements 
modeled at the coastal marsh locations for 
full-margin ruptures. Along-strike variations 
in these displacements are primarily due to 
variations in the location of marsh sites (on a 
margin-normal profi le) with respect to the full-
rupture and transition zones (Figs. 2, 7A, and 
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7B). Variations in displacement are also asso-
ciated with along-margin changes in both the 
plate convergence vector and the width of 
the full-rupture zone (Fig. 6A).

For the central part of the margin (Oregon 
and southern Washington), the marsh data are 

broadly consistent with the pattern of coseis-
mic displacements predicted for the full release 
of strain accumulated over 500 yr (Figs. 5 and 
6B), although some departures from this pattern 
are suggested. In particular, in Washington and 
northernmost Oregon, the data suggest greater 

coseismic slip and, by inference, a longer period 
of strain accumulation, especially for the A.D. 
1700 event. At the northern end of the margin 
(Vancouver Island), the paleoseismic subsid-
ence data for the A.D. 1700 earthquake point 
to a relatively short strain accumulation time 

TABLE 1. MEAN SUBSIDENCE AND SLIP IN A.D. 1700 (T1) AND PRE–1700 CASCADIA EVENTS ESTIMATED AT COASTAL SITES

Location

Mean 
latitude

(°N)

Mean 
longitude

(°W) Soils*

Subsidence
mean†,σ§,mean uncert.#

(m)

Slip**
mean†,σ§,mean uncert.#

(m) Data sources††

1?m5.0~<;llamS0071705.621267.94ekaLdetreseD
11T>1T>)1(0071–erp

Port Alberni 213,8,605.0,31.0,01.00071528.421452.94
0071648.521601.94onfioT §§ 6–33,1,633.0,90.0,16.0

Copalis R. 47.121 124.162 1700 1.37,0.38,0.57 27,8,11 8,9
9,801,31,5205.0,46.0,52.1)2(0071–erp

Grays Harbor_E 46.953 123.737 1700 1.76,0.19,0.40 34,3,8 8,10,11
89,51,4254.0,37.0,91.1)4(0071–erp

Grays Harbor_W 46.913 124.006 1700§§ 7,01,024.0,06.0,21.1 11,12
pre–1700(8)§§ 21,88,01,8164.0,75.0,40.1

Willapa Bay_E 831,–,1305.0,–,02.10071437.321276.64
871,31,6276.0,22.0,00.1)7(0071–erp

Willapa Bay_W 46.570 123.935 1700§§ 1.51,0.51,0.70 29,10,14 7,8,13–16
pre–1700(6)§§ 1.56,0.41,0.92 30,8,18 8,13,14,16

Columbia R._E 46.244 123.437 1700 0.80,0.30,0.60 (68,23,51?) 10,17
Columbia R._W 46.262 123.701 1700 1.72,0.22,0.51 (76,28,22?) 8,10,18,19

pre–1700(3) 1.71,0.08,0.53 (73,4,23?) 8,16
Necanicum R. 45.985 123.917 1700 0.64,0.40,0.50 18,12,14 10,11,20–22

pre–1700(3) 0.35,0.52,0.50 10,15,14 8,16
Nehalem R. 45.699 123.881 1700§§ 3231,–,7213.0,–,66.0
Tillamook Bay 45.521 123.902 1700 1.44,0.26,0.40 64,13,18 10,11

1171,–,5304.0,–,58.0)1(0071–erp
Netarts Bay 45.387 123.953 1700§§ 4212,01,3284.0,12.0,55.0

pre–1700(7) 0.83,0.38,0.44 34,15,18 20,21,24,25
Nestucca Bay 45.178 123.936 1700 0.88,0.23,0.45 44,11,22 10,20,21,23

1252,8,4394.0,61.0,76.0)41(0071–erp
Salmon R. 45.033 123.994 1700§§ 0.77,0.19,0.39 37,10,19 10,23,26

pre–1700(4)§§ 6251,5,7133.0,11.0,53.0
Siletz Bay 44.901 124.016 1700 0.62,0.18,0.40 30,9,19 10,11,20,21,27

pre–1700(7) 0.50,0.27,0.39 25,14,19 10,21,27
Yaquina Bay 44.593 123.963 1700 0.41,0.24,0.43 22,15,23 10,20,21,28

1282,01,0493.0,41.0,65.0)01(0071–erp
Alsea Bay 44.420 124.018 1700§§ 9201,–,0202.0,–,04.0

pre–1700(10) 0.44,0.12,0.35 22,6,18 29,30
Siuslaw R. 43.987 124.016 pre–1700(3) 0.75,0.23,0.51 39,14,19 31,32
Umpqua R. 43.690 124.071 1700 0.53,0.03,0.46 20,2,17 31,32

pre–1700(10) 0.72,0.34,0.51 30,15,21 10,31
Coos Bay_E 2301,4,4134.0,71.0,06.00071091.421044.34

pre–1700(8) 0.69,0.12,0.52 16,3,12 31,32
Coos Bay_W 43.299 124.322 1700§§ 5,2,2143.0,41.0,08.0 23,32,35

pre–1700(12)§§ 53–33,22,139,2,1126.0,51.0,18.0
Coquille R. 43.146 124.373 1700 7,3,985.0,03.0,77.0 10,32,37–39

pre–1700(11)§§ 6321,5,5119.0,24.0,91.1
Sixes R. 42.831 124.535 1700§§ 0441,–,9101.1,–,05.1

pre–1700(11)§§ 1401,4,2187.0,63.0,99.0
Humboldt Bay_E 40.855 124.128 1700§§ 8,1,0156.0,21.0,68.0 10,42–46

64–448,2,0185.0,41.0,47.0)01(0071–erp
Humboldt Bay_W 40.680 124.216 1700 0.80,0.00,0.60 38,3,28 46,47

pre–1700(8) 0.66,0.15,0.50 28,6,21 10,46,47
Eel R. 40.619 124.315 pre–1700(4) 0.95,0.06,0.68 (–44,33,31?) 48
Singley Flat 40.427 124.403 1700 Uplift, not quantifi 05,94?de

*A.D. 1700 soil, or mean of pre–1700 soils; number of pre–1700 soils in parentheses.
†Mean weighted by data quality for individual events where possible.
§Standard deviation of estimates. Where none is given (–), there is only one estimate.
#Mean uncertainty of individual estimates.
**Model slip that best fi ts subsidence estimates; uncertainties are propagated from subsidence estimate uncertainties.
††Sources of sedimentological and/or subsidence data: 1—Hutchinson et al. (2000), 2—Clague and Bobrowsky (1994a), 3—Guilbault et al. (1996), 4—Clague and 

Bobrowsky (1994b), 5—Guilbault et al. (1995), 6—Hughes et al. (2002), 7—Peterson et al. (2000), 8—Atwater (1988), 9—Atwater (1992), 10—Peterson et al. (1997), 
11—Barnett (1997), 12—Shennan et al. (1996), 13—Sabean (2004), 14—Atwater and Hemphill-Haley (1997), 15—Hemphill-Haley (1995), 16—Atwater et al. (2004a), 
17—Atwater (1994), 18—Peterson and Madin (1997), 19—Peterson et al. (1993), 20—Darienzo (1991), 21—Darienzo et al. (1994), 22—Darienzo and Peterson (1995), 
23—Hawkes et al. (2008), 24—Shennan et al. (1998), 25—Darienzo and Peterson (1990), 26—Nelson et al. (2004), 27—Peterson et al. (1996), 28—Peterson and Priest 
(1995), 29—Nelson et al. (2008), 30—Peterson and Darienzo (1991), 31—Briggs (1994), 32—Nelson (1992a), 33—Peterson and Darienzo (1989), 34—Nelson et al. (1998), 
35—Nelson et al. (1996), 36—Witter et al. (2003), 37—Witter et al. (1997), 38—Nelson (1992b), 39—Briggs and Peterson (1993), 40—Kelsey et al. (1998), 41—Kelsey et al. 
(2002), 42—Carver and Burke (1989), 43—Jacoby et al. (1995), 44—Pritchard (2004), 45—Vick (1988), 46—Valentine (1992), 47—Patton and Witter (2006), 48—Li (1992), 
49—Carver et al. (1994), 50—Merritts (1996).

§§Values represent high-quality subsidence estimates, from detailed microfossil analyses.
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(~200 yr). In the south (northern California), the 
higher-quality coseismic subsidence data from 
Humboldt Bay also imply accumulation times 
of less than 500 yr. Coseismic uplift at Singley 
Flat is not quantifi ed, and the marsh data from 
Eel River, which lies between Humboldt Bay 
and Singley Flat (Fig. 3), show coseismic sub-
sidence instead of the uplift predicted by model-
ing. Thus, the data suggest that the zero isobase 
(marking the transition from uplift near the 
deformation front to subsidence inland) occurs 
on the seaward (west) side of Eel River rather 
than on its landward side as predicted by the 
model. In a later section, we examine variations 
in the dislocation model that may resolve these 
discrepancies.

Estimated Megathrust Slip

In addition to the strain release models de-
scribed, we estimated approximate coseismic 
slip on the megathrust for both average (Fig. 6D; 
Table 1) and individual events (Fig. 8) by fi nd-
ing the best fi t to the data at each site. The com-
parison in Figure 8 shows that, given the large 
uncertainties, the events show generally similar 
along-margin slip patterns. For most events, slip 

magnitudes tend to be highest on the central part 
of the margin (~44–45.5°N), with mean slip of 
28 ± 9 m. Lower mean slip of 24 ± 6 m and 
15 ± 6 m occur in the north-central (~46–47°N) 
and south-central (~42.5–44°N) regions, respec-
tively (Table 1).

The A.D. 1700 earthquake (T1) shows mean 
slip magnitudes for the central margin that 
are similar to previous events, but somewhat 
larger in southern Washington and northern-
most Oregon (Fig. 6D; Table 1). In the event 
prior to A.D. 1700 (T2; Figs. 5 and 8), subsid-
ence, and, consequently, megathrust slip ap-
pear to be very small in this region, and thus 
it is possible that this part of the fault “caught 
up” on the slip defi cit with above-average dis-
placements in A.D. 1700 (although there may 
also be a postseismic deformation effect; see 
following). A similar phenomenon occurred in 
the 1960 Chile megathrust event, in which co-
seismic deformation was signifi cantly greater 
than expected from the preceding interval, and 
the previous event released less strain than ex-
pected (Cisternas et al., 2005).

For the northern and southern ends of the 
margin, only limited data are available for 
pre–A.D. 1700 events. In the north (Deserted 

Lake), the subsidence data are qualitative and 
we can only say that megathrust slip was less 
in A.D. 1700 than in event T5. In the south, 
slip estimates are complicated by a misfi t in 
the zero isobase between the model and the 
data. The model predicts uplift at Eel River, 
and signifi cantly lower subsidence in western 
than eastern Humboldt Bay, neither of which 
agree with the marsh data, resulting in nega-
tive slip estimates at Eel River, and vastly dif-
ferent slip estimates (by 20–30 m) for similar 
amounts of subsidence at western and eastern 
Humboldt Bay (Table 1). However, from the 
subsidence data, we infer that megathrust slip 
in the A.D. 1700 event was similar to previous 
events in this region.

Variations in Earthquake Rupture 
Downdip Width

Model predictions of coseismic displacement 
are dependent on the magnitude of megathrust 
slip, as outlined above, but also on the width 
of the coseismic rupture zone, especially the 
downdip extent. Variations in the updip limit 
have a negligible effect on coastal displacement, 
as noted previously. In the models, we used the 
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Figure 6. Comparison of coseismic subsidence and megathrust slip 
among the A.D. 1700 earthquake (T1), previous recorded events 
(averaged), and the predictions of elastic dislocation models . Sub-
sidence and slip estimate details are given in Table 1 (with all 
subsidence  data in Table DR1 [see footnote 1]). (A) Averaged lo-
cations of coastal coseismic subsidence sites relative to the full-
rupture (purple) and transition (lilac) zones. White diamonds and 
circles—sites with high- and low-quality subsidence estimates, re-
spectively. See Figure 3 for site names. White arrows—plate con-
vergence vectors. (B) Coseismic subsidence estimated at the above 
buried soil sites for the A.D. 1700 earthquake (red symbols and 
shading—weighted mean and uncertainty) and for pre–A.D. 1700 
recorded events (blue symbols and shading—mean and uncertainty). 
Upward/downward arrows with question marks indicate unquan-
tifi able estimates of uplift/subsidence. Two low-quality data points 
are excluded from the shading as they appear to be outliers; these 
include data from the Columbia River that are questionable due to 
possible freshwater infl uence (Leonard et al., 2004). Dashed dark-
gray lines show coseismic subsidence predicted by the elastic dis-
location model at the same sites for the release of 200 and 500 yr 
of accumulated strain. (C) As in B, except the gray lines represent 
coseismic subsidence predicted for uniform megathrust slip of 10, 
20, and 30 m. (D) Along-strike megathrust slip variations estimated 
for the A.D. 1700 (red symbols and shading—weighted mean and 
uncertainty) and previous events (blue symbols and shading—mean 
and uncertainty) from the correspondence between observed co-
seismic subsidence and that predicted from uniform slip models (C). 
Dark-gray lines show the along-margin slip pattern expected for the 
release of 200, 500, and 1000 yr of accumulated strain.
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Figure 7. Patterns of coseismic subsidence along the 
Cascadia coast predicted by modeling the release of 
200, 300, 400, and 500 yr of strain accumulated at cur-
rent plate rates for various rupture modes. (A) Site 
locations where subsidence was predicted: sites with 
coseismic subsidence data for past events (white-fi lled 
circles); intervening sites with no data (black circles). 
(B) Full-margin rupture from the Mendocino fault 
(MF) in the south to the Nootka fault (NF) in the 
north. (C, D, E, G) Rupture from Mendocino fault 
(MF) north to Coquille Bank (CB), Heceta Bank (HB), 
Nehalem Bank (NB), and the Olympic Peninsula (OP), 
respectively. (F, H) Rupture from Nootka fault (NF) 
south to Nehalem Bank, and Olympic Peninsula, re-
spectively. Southern ruptures to segment boundaries 
Coquille Bank, Heceta Bank, and Nehalem Bank were 
proposed by Goldfi nger et al. (2008) as matching rup-
ture extents from paleoseismic data. These bound aries 
approximately coincide with apparent boundaries in 
events of episodic tremor and slip (Brudzinski and 
Allen , 2007). We also investigate northern ruptures 
to Nehalem Bank, and to Olympic Peninsula, an addi-
tional episodic tremor and slip boundary that has no 
apparent megathrust paleoseismic record.

Figure 8. Approximate megathrust slip in events 1–9 
(T1–T9), as correlated in Figure 4, plotted against lati-
tude. Slip is estimated by calculating the magnitude of 
modeled slip that corresponds to the subsidence esti-
mates (and uncertainties) at each location. Excluded 
are data from Eel River, for which negative slip val-
ues were calculated (Table 1) due to misfi t between 
observed and modeled subsidence. Symbol style repre-
sents quality of original subsidence estimates as in Fig-
ure 5. Thick black lines and gray shading represent the 
weighted average (moving average over 1°°) and uncer-
tainty, respectively, of calculated megathrust slip. Thin-
ner gray lines, labeled for event 2, show the model slip 
defi cit along the margin for 200, 500, and 1000 yr, corre-
sponding to slip rates that increase northward from 26 
to 45 mm/yr due to along-margin changes in the plate 
convergence vector.
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interseismic locked zone as determined from 
geodetic and thermal data as the region of full 
coseismic rupture (Fig. 3) and found general 
agreement with the constraints from the coastal 
data. We now examine the effect of variations 
in the downdip limit such that the total width of 
the full-rupture zone varies by ±25%, consistent 
with uncertainties in the defi nition of the ther-
mal and geodetic interseismic locked zone (e.g., 
Hyndman and Wang, 1995; McCaffrey et al., 
2000; Mazzotti et al., 2003). We do not vary 
the downdip limit of the transition zone; such 
variations have little effect on surface deforma-
tion due to the small amount of slip in the deep 
transition zone.

For most of the coast, there are subsidence 
data only at one distance landward of the trench 
(Fig. 3), but in several areas there are limited 
data for subsidence variations with distance 
on a trench-perpendicular profi le, allowing as-
sessment of variations in rupture zone width 
(Fig. 9). Variations in rupture width affect the 
modeled coseismic vertical displacement in 
two ways. First, the zero isobase approximately 
coincides with the downdip limit of full rup-
ture; a wider rupture zone shifts this point land-
ward. Secondly, an increase in rupture width 
increases the maximum magnitude of vertical 
deformation. At most sites, the marsh data lie 
landward of the zero isobase of all models, and 
thus only the magnitudes of modeled coastal 
subsidence can be compared with the marsh 
data. A variation of 25% in the rupture width 
changes the modeled displacements by less 
than 0.5 m at most sites, well within the uncer-
tainties of the marsh data, which are therefore 
of limited use in constraining the rupture zone 
width. The data scatter highlights the need for 
more high-precision microfossil studies of co-
seismic displacement in order to improve the 
constraints. Discrepancies between the marsh 
observations and the dislocation model predic-
tions can be resolved by varying the amount 
of fault slip (dashed lines show best-fi t slip in 
Fig. 9), i.e., there is a trade-off between slip 
magnitude and rupture width.

Better constraints on rupture width can be 
provided by coseismic data that lie near the 
zero isobase. This location lies offshore along 
most of the Cascadia margin, except in the south 
(northern California; Fig. 3). Here, marsh data 
for the A.D. 1700 (Singley Flat and Humboldt 
Bay) and previous events (Eel River and Hum-
boldt Bay) indicate approximately similar co-
seismic subsidence at Eel River and Humboldt 
Bay, with uplift (of nonquantifi ed magnitude) 
at Singley Flat, ~10 km further west (Fig. 9D). 
However, the model predicts uplift at both Eel 
River and Singley Flat, and a steep decline in 
displacement values from eastern to western 

Humboldt Bay that is not apparent in the marsh 
data. Due to this misfi t, estimation of mega-
thrust slip is meaningless here (Table 1). The 
misfi t in southern Cascadia may relate to the 
proximity of the Mendocino triple junction and 
the breakup of the Gorda plate (e.g., Wang and 
Rogers, 1994; Chaytor et al., 2004; Fig. 1). The 
elastic dislocation model for megathrust earth-
quake rupture is not designed to account for the 
complex crustal deformation within ~100 km 
of a triple junction (Wang et al., 2003; Wang, 
2007). The more westward transition from uplift 
to subsidence indicated by the marsh data could 
be better fi t by a model with a rupture zone that 
is narrower (by ~25%) than the reference locked 
zone in this region (Fig. 9D).

Variations in Rupture Length—
Segmented Ruptures

An important question for seismic hazard 
characterization concerns the along-margin rup-
ture extent: Can we expect the megathrust fault 
to always rupture in one large (M ~9) earthquake 
along the whole margin, or does it sometimes 
rupture in a series of smaller events (M ~8) on 
adjoining segments? Historical tsunami records 
from Japan (e.g., Satake et al., 2003), tsunami 
run-up documented at the Cascadia coast (e.g., 
Clague et al., 2000; Peters et al., 2003), and the 
turbidite record (Goldfi nger et al., 2003), show 
that the A.D. 1700 earthquake must have rup-
tured almost the entire margin  in a single M ~9 
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earthquake. As mentioned previously, the on-
shore paleoseismic record for earlier events is 
lacking in temporal resolution, but the turbi-
dite record provides evidence for large-scale 
local and synchronous shaking, allowing for 
better discrimination between full-margin and 
shorter ruptures. Goldfi nger et al. (2008) found 
that southern margin ruptures of various length 
are almost as common (45%) in the Holocene 
record  as full or nearly full-length ruptures 
(50%). 5% of ruptures cover only the central 
and southern margin, but there is no evidence 
for short ruptures in the northern region.

Goldfi nger et al. (2008) proposed that seg-
ment boundaries occur at forearc structural 
highs in southern (Coquille Bank), central 
(Heceta Bank), and northernmost Oregon 
(Nehalem  Bank) (Fig. 7A). They noted an ap-
proximate coincidence of these limits with 
appar ent boundaries between zones of differing 
episodic tremor and slip recurrence (Brudzinski 
and Allen, 2007). An additional episodic tremor 
and slip boundary at the Olympic Peninsula 
(Fig. 7A; Brudzinski and Allen, 2007) does not 
appear to have a paleoseismic equivalent. We 
investigate segmented ruptures by modeling 
the predicted coseismic displacement at coastal 
sites (Fig. 7A) for 200–500 yr of accumulated 
slip for the various rupture modes proposed 
by Goldfi nger et al. (2008) from the turbidite 
record  (Figs. 7B–7E), as well as for hypothetical 
ruptures in the south (extending as far north as 
the Olympic Peninsula; Fig. 7G) and the north 
(from the Nootka fault to Nehalem Bank and the 
Olympic Peninsula; Figs. 7F and 7H).

It is diffi cult to differentiate between full-
margin events and those rupturing only as far 
north as the Olympic peninsula because onshore 
coseismic displacement data for pre–A.D. 1700 
events are almost completely lacking north of 
southern Washington (Fig. 5), tsunami depos-
its cannot be used to discriminate rupture ori-
gin, and both rupture modes could potentially 
generate turbidity currents as far north as the 
head of Juan de Fuca canyon (~48°N). How-
ever, northern segment ruptures should produce 
additional turbidites at Juan de Fuca canyon 
and possibly Cascadia channel (see Goldfi nger 
et al., 2008, 2010), but none has been recog-
nized. The expected magnitude for a megathrust 
earthquake along the northern 100–280 km of 
the subduction zone is Mw = 8.0–8.6 (assum-
ing a rupture width of 70–95 km and 5–10 m of 
coseismic slip; Fig. 10). It is unlikely that there 
has been an undetected M >8 earthquake in the 
last 200–300 yr (historical time), or indeed one 
that escaped the turbidite record throughout the 
Holo cene. Preliminary results of ongoing work 
on paleoseismic records from southern Vancou-
ver Island (Saanich and Effi ngham Inlets) do not 

suggest independent northern megathrust events 
(Blais-Stevens et al., 2009; R. Enkin, 2009, 
personal commun.). Goldfi nger et al. (2007b) 
proposed that the lack of Holocene segmenta-
tion for northern Cascadia is related to the large 
thickness (3–4 km) of submarine sediments that 
likely smooth the plate interface and promote 
through-going rupture. Sediment thickness ta-
pers southward along the margin, which may 
allow forearc structures to play a greater role in 
controlling rupture extent in southern Cascadia.

For all segmented ruptures (Figs. 7C–7H), 
modeled coseismic vertical displacements are 
identical to a full-margin rupture (Fig. 7B) for 
the region of the rupture zone itself, except 
within ~50 km of the rupture edge, where dis-
placements either taper rapidly to zero or show 
abrupt variations likely due to artifi cial model 
edge effects (e.g., Olympic Peninsula). Beyond 
the edge of rupture, coseismic displacements 
decrease rapidly to near-zero within 50 km. 

Thus, if coseismic displacements are suffi cient 
to leave a marsh paleoseismic signature, the site 
must lie either within the margin-parallel extent 
of the rupture zone or no further than ~50 km be-
yond it. The along-margin rupture extent of in-
dividual events inferred from the onshore buried  
soil record (where data exist) should therefore 
be approximately consistent with those deduced 
from the turbidite record of Goldfi nger et al. 
(2008, 2010).

In Figure 10, we calculate the expected seis-
mic moment release and moment magnitude of 
seismic ruptures on each subduction zone seg-
ment, and of multiple-segment ruptures. Mega-
thrust slip is approximated in two ways: (1) by 
the strain accumulated over the average recur-
rence interval for each segment, and (2) from the 
best fi t to the average marsh displacements. Seis-
mic moment release compatible with marsh data 
is somewhat greater for the central segments, 
and significantly less for the northernmost  
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segment , than expected from average recurrence 
intervals. The marsh data in the north are based 
only on the last megathrust event, and they are 
consistent with the preceding interval of ~200 yr. 
Earthquake magnitudes for the different rupture 
modes proposed by Goldfi nger et al. (2008) 
range from Mw 8.3–8.8 for the southern ruptures 
(rupture modes from Figs. 7C–7E) to Mw 9.0 for 
a full-margin event (Fig. 10).

Transient Fault and Mantle Behavior

Small (up to 30 cm) land-level changes oc-
curring gradually over several years prior to 
megathrust earthquakes have been detected in 
microfossil studies in Cascadia and Alaska (e.g., 
Hawkes et al., 2005; Shennan and Hamilton, 
2006). Such preseismic motions, for which the 
cause is yet to be established, should not con-
taminate the coseismic subsidence estimates, 
as long as the uppermost part of the buried 
soil is sampled. A more signifi cant factor may 
be the inclusion of some postseismic deforma-
tion. Several studies suggest that coastal marsh 
elevation indicators are reestablished within a 
few weeks of an earthquake (e.g., Ovenshine 
and Kachadoorian, 1976; Hemphill-Haley, 
1995), but this time interval is not well con-
strained. Thus, along with the coseismic signal, 
it is possible that the elevation differences re-
corded in marshes may also include slow verti-
cal ground motion associated with postseismic 
transients over days to months following a great 
earthquake.

One key transient signal may come from 
aseismic slip along the megathrust interface 
(commonly called afterslip) over days to years 
after an earthquake (e.g., Melbourne et al., 2002; 
Zweck et al., 2002). Global positioning system 
(GPS) observations following the 1995 Jalisco 
Mexico (Hutton et al., 2001; Melbourne et al., 
2002), 2004 Sumatra-Andaman (e.g., Chlieh 
et al., 2007; Paul et al., 2007; Gahalaut et al., 
2008), and 2005 Nias-Sunda earthquakes (Hsu 
et al., 2006) show that the postseismic signal can 
be modeled by afterslip on the deep part of the 
megathrust fault below the coseismic rupture 
area. Another transient signal comes from vis-
cous relaxation of the large stresses induced by 
a great earthquake in the material surrounding 
the rupture zone. Although relaxation is thought 
to be most important on time scales of decades 
to centuries, it may explain short-term surface 
deformation following great earthquakes in SW 
Japan, Chile, and Alaska (e.g., Wang, 2007).

Complex time-dependent models that include 
both elastic and viscous behavior are required 
to properly address postseismic slip and viscous 
relaxation following a great earthquake. Such 
models are beyond the scope of the current 

study. Instead, we present an elastic dislocation 
model that approximates the integrated effects 
of shallow coseismic and deep postseismic slip 
to assess the ways in which coastal subsidence 
estimates may be affected, using the Vancouver 
Island and central Washington profi les as ex-
amples. During the coseismic phase, slip corre-
sponding to 200 or 500 yr of strain accumulation 
is assumed on the full-rupture zone (as modeled 
previously). The postseismic phase is modeled 
by slip on the deeper part of the fault. Both 
after slip and viscous relaxation appear to oc-
cur primarily below the coseismic rupture zone, 
but the maximum depth is not well constrained 
(e.g., Gahalaut et al., 2008). Our simplifi ed 
model has a “postseismic slip zone” that ex-
tends from the downdip limit of the full-rupture  
zone to the halfway point of the transition zone. 
The magnitude of postseismic slip is also poorly 
constrained, and most observations suggest that 
it varies over time (e.g., Hutton et al., 2001; 
Wang, 2007; Gahalaut et al., 2008). We assign 
a uniform along-margin slip of 5 m, similar to 
the inferred afterslip over 6 mo following the 
Sumatra-Andaman earthquake (Chlieh et al., 
2007; Gahalaut et al., 2008). The “postseismic 
slip zone” is bounded on either end by transition 
zones, where slip decreases linearly from 5 m 
to zero; the updip transition zone extends to the 

deformation front, and the downdip transition 
zone extends to the deep limit of the coseismic 
transition zone.

Figure 11 shows the modeled coseismic and 
postseismic vertical deformation along the two 
profi les, in comparison with marsh data for 
the A.D. 1700 and previous events. Due to the 
greater depth of the postseismic slip, the zero 
isobase is shifted 20–30 km landward of the 
coseismic zero isobase. The total vertical dis-
placement after both phases of slip (solid line in 
Fig. 11) can be divided into three regions. Far in-
land from and close to the deformation front, the 
postseismic slip produces vertical motion of the 
same sign as the coseismic slip, thus enhancing 
the total subsidence and uplift, respectively. The 
intervening area will fi rst subside during coseis-
mic rupture, and then uplift during postseismic 
slip. Here, the net subsidence/uplift budget will 
depend on the ratio and spatial distribution of 
coseismic to postseismic slip.

In these examples, if marsh elevation indicators 
are not established within days in postearthquake 
sediments, early postseismic slip could result in 
coseismic subsidence being overestimated at the 
coastal sites. A similar situation applies to most 
Cascadia marshes, but coseismic subsidence may 
be underestimated at some of the more trench-
ward sites (e.g., Eel River), where postseismic 
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slip could produce uplift. For the Vancouver 
Island  profi le, the combined net displacement 
predicted at Tofi no is a poor match to the marsh 
data, suggesting that the coseismic estimates are 
not signifi cantly affected by postseismic defor-
mation. For the Washington profi le, contami-
nation of marsh coseismic data by postseismic 
afterslip could provide an alternative explanation 
for some of the greater-than-expected sub sidence 
in the A.D. 1700 earthquake. However, very sub-
stantial afterslip (~10 m, i.e., more than coseis-
mic slip) would be required to account for all of 
the extra subsidence, and it is more likely that 
large coseismic slip played a role, as suggested 
already. For previous events, a coseismic model 
consistent with mean recurrence (~500 yr) pro-
vides a good fi t to the marsh data, although some 
postseismic infl uence cannot be ruled out.

This simple model illustrates that postseismic 
slip may have a signifi cant effect on net verti-
cal deformation at Cascadia coastal sites. Future 
studies should therefore address the assump-
tion of rapid postevent establishment of marsh 
elevation indicators. We emphasize that this 
model is a fi rst-order elastic approximation of 
the poorly understood processes of postseismic 
deformation, and further work is required to bet-
ter constrain the associated temporal variation in 
surface deformation.

DISCUSSION AND CONCLUSIONS

We have compiled radiocarbon data and esti-
mates of coseismic vertical displacements from 
buried soil horizons at coastal marsh sites for a 
6500 yr history of Cascadia great earthquakes. 
Event correlations are based on the megathrust 
earthquake time line determined from the off-
shore turbidite record by Goldfi nger et al. (2003, 
2008, 2010). The marsh paleoseismic data lack 
the resolution to distinguish between single full-
margin events and multiple earthquakes occur-
ring over days to decades on shorter segments, 
but Goldfi nger et al.’s turbidite analysis implies 
synchroneity of rupture during most correlated 
events, for both full- or near-full-margin earth-
quakes and shorter ruptures. Dislocation models 
of segmented rupture predict near-zero coastal 
coseismic displacements more than ~50 km 
along strike from the end of a megathrust rup-
ture. Thus, rupture extents inferred from marsh 
data, where available, should approximately 
coincide with those inferred from turbidites, 
which are generated within 90 km of signifi cant 
shaking (Goldfi nger et al., 2007a). Indeed, age-
correlated marsh data are compatible with event 
rupture extents defi ned by the turbidite record 
(Goldfi nger et al., 2008, 2010).

Comparison between events shows that 
mean subsidence values are 0.1–0.6 m in 

coastal southern British Columbia (Vancou-
ver Island; A.D. 1700 event only), 1.0–1.6 m 
in southern Washington, 0.4–0.9 m in north-
ern Oregon, 0.7–1.2 m in southern Oregon, 
and 0.7–0.95 m in northern California. Most 
of the full- or nearly full-margin earthquakes 
recorded in the sediments, including the most 
recent great earthquake in A.D. 1700, exhibit 
subsidence similar to these values. Excep-
tions include events T2 and 5a, which showed 
little to no displacement in southern Washing-
ton and northern Oregon, and the A.D. 1700 
earthquake, which had higher than average 
subsidence in that region. The consistency of 
subsidence values among events presently de-
tectable within the data limitations indicates 
that there is limited variability in rupture be-
havior between earthquakes, and that hazard 
analyses based on an average Cascadia event 
and its uncertainties provide a useful predictor 
of the subsidence and slip expected in future 
megathrust earthquakes.

Within the marsh data uncertainties, the co-
seismic zone of full rupture appears to agree 
with the downdip width of the interseismic 
locked zone inferred from geodetic and thermal 
data, but the subsidence data do not strongly 
constrain this width. However, at the southern 
end of the margin, marsh data indicate a zero iso-
base that is further landward than that predicted 
by the elastic dislocation model. The model is 
not designed to account for the complex crustal 
deformation near the Mendocino triple junction, 
but the coseismic deformation pattern may be 
better fi t by using a rupture width that is ~25% 
less than the locked zone inferred from geodetic 
and thermal data.

Comparisons of the marsh-derived estimates 
of coseismic subsidence with the predictions of 
the elastic dislocation models allow estimation 
of coseismic slip on the megathrust. Modeling 
results highlight areas where marsh data have 
the potential to provide the strongest constraints 
on rupture; this depends on site location rela-
tive to the deformation front and rupture zone. 
For example, a high-precision subsidence esti-
mate (uncertainty ±0.2–0.3 m) provides a bet-
ter constraint on rupture in southern Oregon 
than in central Oregon, where low subsidence 
is expected for a wide range of rupture models 
(Fig. 7B). Most of the high-precision estimates 
derived from transfer function analysis (e.g., 
Hawkes et al., 2008; Nelson et al., 2008) are 
for sites in northern and central Oregon, where 
rupture constraints are not optimal (e.g., sub-
sidence of 0.4 ± 0.2 m at Alsea Bay constrains 
megathrust slip to 20 ± 10 m). The pollen study 
of Hughes et al. (2002) provides an example of 
better constraint due to the favorable location 
of Tofino, Vancouver Island (subsidence of 

0.6 ± 0.3 m constrains slip to 6 ± 3 m). Future 
studies should focus on transfer function analy-
sis of micro fossil data sets (diatoms, forami nif-
era, and/or pollen) to increase the quality and 
reduce the uncertainty of coseismic subsidence 
estimates, particularly in areas where better con-
straints would result, e.g., southern Oregon.

Coseismic slip in the A.D. 1700 earthquake 
was consistent with the preceding interval of 
strain accumulation (~200 yr) only at the north-
ern and southern ends of the subduction zone. 
Elsewhere, the subsidence pattern was closer 
to an average event, independent of the time 
since the previous event, i.e., equivalent to the 
release of strain accumulated over ~500 yr. In 
southern Washington and northernmost Oregon, 
greater-than-average slip in A.D. 1700 may in-
dicate a catch-up event to make up for slip defi -
cit in the preceding event T2, but the coseismic 
subsidence estimates could also include some 
contamination from postseismic deformation. 
Strain accumulation of ~200 yr is consistent 
with the average recurrence in southernmost 
Cascadia, but it is less than 50% of the average 
for northernmost Cascadia, where no evidence 
for megathrust ruptures shorter than full-margin 
events has been found. Thus, for most of the 
Cascadia margin, although the coseismic slip is 
not precisely defi ned, it appears to be approxi-
mately constant from cycle to cycle. In contrast, 
slip in A.D. 1700 in northernmost Cascadia, 
which is well defi ned by high-precision data at 
Tofi no, appears to directly refl ect the preceding 
period of strain buildup. With no quantitative 
data for previous events, we cannot comment 
on whether such behavior is typical. Clearly, 
more work is necessary to better determine the 
megathrust earthquake history of northernmost 
Cascadia, incorporating both the timing and, if 
possible given long-term uplift, coseismic dis-
placements of pre–A.D. 1700 events.

In conclusion, the observed coastal vertical 
coseismic displacement magnitudes and spatial 
patterns are reasonably matched by simple elas-
tic dislocation models constrained by geodetic 
and thermal data and models, although there are 
important differences in detail. Therefore, the 
marsh coseismic data support the use of such 
elastic dislocation models for earthquake rup-
ture and shaking hazard estimation for the Cas-
cadia subduction-zone margin.
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