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[11 We test hypothetical tsunami scenarios against a 4,600-year record of sandy deposits
in a southern Oregon coastal lake that offer minimum inundation limits for prehistoric
Cascadia tsunamis. Tsunami simulations constrain coseismic slip estimates for the southern
Cascadia megathrust and contrast with slip deficits implied by earthquake recurrence
intervals from turbidite paleoseismology. We model the tsunamigenic seafloor deformation
using a three-dimensional elastic dislocation model and test three Cascadia earthquake
rupture scenarios: slip partitioned to a splay fault; slip distributed symmetrically on the
megathrust; and slip skewed seaward. Numerical tsunami simulations use the
hydrodynamic finite element model, SELFE, that solves nonlinear shallow-water wave
equations on unstructured grids. Our simulations of the 1700 Cascadia tsunami require
>12—-13 m of peak slip on the southern Cascadia megathrust offshore southern Oregon.
The simulations account for tidal and shoreline variability and must crest the ~6-m-high
lake outlet to satisfy geological evidence of inundation. Accumulating this slip deficit
requires >360—400 years at the plate convergence rate, exceeding the 330-year span of two
earthquake cycles preceding 1700. Predecessors of the 1700 earthquake likely involved
>8-9 m of coseismic slip accrued over >260 years. Simple slip budgets constrained by
tsunami simulations allow an average of 5.2 m of slip per event for 11 additional
earthquakes inferred from the southern Cascadia turbidite record. By comparison, slip
deficits inferred from time intervals separating earthquake-triggered turbidites are poor
predictors of coseismic slip because they meet geological constraints for only 4 out of

12 (~33%) Cascadia tsunamis.
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1. Introduction

[2] Recurrence intervals of great (moment magnitude,
M,, > 8) earthquakes on the Cascadia megathrust provide
key constraints on earthquake size for seismic and tsunami
hazard assessments aimed at reducing risk [e.g., Petersen
et al., 2008; Gonzdlez et al., 2009; Priest et al., 2009].
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The megathrust is the principal fault within the 1,100-km
long Cascadia subduction zone where the Juan de Fuca and
Gorda plates descend beneath North America at ~40 mm yr ™'
[DeMets et al., 2010] (Figure la). Along the northern part of
the Cascadia plate boundary, Late Holocene paleoseismologi-
cal records of coastal earthquake-induced subsidence and off-
shore turbidites interpreted to be the consequence of seismic
shaking indicate that great earthquakes probably ruptured the
megathrust every 500-600 years, on average, with individual
intervals between earthquakes varying from a few centuries to
about 1,000 years [Adams, 1990; Atwater and Hemphill-Haley,
1997]. However, newer data from the southern Cascadia mar-
gin imply earthquake ruptures that vary in length and have
shorter recurrence intervals compared to northern Cascadia
[Clarke and Carver, 1992; Kelsey et al., 2005; Nelson et al.,
2006; Goldfinger et al., 2008, 2012].

[3] The most recent Cascadia earthquake, on 26 January
1700, attained M,, 9 [Satake et al., 1996, 2003]. Numerical
simulations of the tsunami generated by the 1700 earthquake
that agree with documented tsunami heights in Japan require
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Figure 1. Index maps. (a) Plate-tectonic setting of the northwestern United States. White arrows show
plate convergence at 40 mm yr~ ' [DeMets et al., 2010]. (b) Map of southern Oregon coast showing deep
sea core sites (white circles) containing offshore turbidites studied by Goldfinger et al. [2012]. Squares
mark onshore sites harboring geological evidence of coastal subsidence and tsunami inundation. Possible
correlations among paleoseismological records from sites shown on this map are shown in Figure 4.

an earthquake source with 18-21 m of coseismic slip along
the entire 1,100-km length of the Cascadia megathrust
[Satake et al., 2003]. Other estimate involve <10-50 m of
variable slip along the megathrust in 1700, derived from
elastic dislocation models guided by tectonic subsidence data
compiled for Cascadia coastal sites [Leonard et al., 2004,
2010]. More quantitative estimates of coseismic subsidence
at six sites along the Oregon coast imply megathrust slip that
varied between 10 and 30 m, consistent with a M,, 9 earth-
quake [Hawkes et al., 2011]. However, considerable uncer-
tainty in subsidence estimates in southern Oregon and
northern California leaves inferred amounts of slip there an
open question. Do shorter recurrence intervals of earthquake-
triggered turbidites in southern Cascadia (220-380 years on
average [Goldfinger et al., 2012] imply a history of more
frequent plate-boundary earthquakes with commensurably
less amounts of coseismic slip?

[4] In southern Cascadia, discrepancies between offshore
and onshore earthquake records suggest that predecessors of
the 1700 earthquake varied in size and imply that amounts of
fault slip varied during ruptures on megathrust segments
of different length [Kelsey et al., 2002; Witter et al., 2003;
Nelson et al., 2006; Goldfinger et al., 2012]. For example, in
the past 4,600 years, 12 tsunamis deposited sand in Bradley
Lake on the southern Oregon coast [Kelsey et al., 2005].
However, only 8-10 earthquakes had sufficient slip on the
part of the megathrust below Bradley Lake to subside adja-
cent estuaries by 0.5 m or more [Kelsey et al., 2002; Witter
et al., 2003]. To explain these discrepancies, Nelson et al.
[2006] reasoned that some Cascadia tsunamis recorded in
Bradley Lake may have attended magnitude-8 earthquakes
that produced too little subsidence to leave stratigraphic

evidence in nearby salt marshes. In contrast, 23 offshore
turbidites deposited in Rogue Apron over the same time
period have been interpreted by Goldfinger et al. [2012] to
reflect strong shaking during megathrust earthquakes.
Whether the turbidites that lack onshore correlatives—often
thin, mud turbidites present only along the southern Casca-
dia margin [Goldfinger et al., 2012]—record megathrust
seismicity or some other process remains a subject of some
debate [Frankel, 2011; Atwater and Griggs, 2012].

[5] In this paper we estimate coseismic slip on the southern
Cascadia megathrust using numerical tsunami simulations
and prehistoric tsunami deposits in Bradley Lake. First, we
examine discrepancies in southern Cascadia paleoseismolo-
gical records, including onshore and offshore data, between
the latitudes of Hydrate Ridge and Rogue Apron (Figure 1b).
Second, we reconstruct plausible, hypothetical coastal land-
scapes and shoreline configurations likely encountered
by prehistoric Cascadia tsunamis. Third, we use a three-
dimensional fault dislocation model (modified from Priest
et al. [2009]) to compute seafloor deformation for tsunami
sources. Fourth, we numerically simulate tsunami inundation
at Bradley Lake to estimate the minimum megathrust slip
required to generate waves that reach the outlet elevation of the
lake. Finally, we use the results to construct a simple slip
budget spanning 12 hypothetical earthquake cycles and com-
pare it to slip deficits implied by recurrence intervals of
southern Cascadia turbidites. Differences between these inde-
pendent estimates of slip imply that if thin, mud turbidites in
southern Cascadia record megathrust ruptures in addition to
events evident in the Bradley Lake tsunami record, then the
earthquakes that triggered the smaller turbidity currents were
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Figure 2. (a) Holocene sand dunes ornament broad Pleistocene marine terraces along the coast near
Bradley Lake in southern Oregon (located in Figure 1b). Blue lines show landward limit of simulated tsu-
nami inundation using a model grid with historical topography (Grid A, Figure 6). The lines depict inun-
dation using earthquake scenarios with 11 and 16 m of fault slip, equivalent to 350 years (dark blue) and
500 years (light blue) of plate convergence, respectively. (b) Evidence for recent seaward shift in shoreline
position includes a wave eroded sea cliff mantled by dune sand and the shoreline in 1925 mapped by early
coastal surveyors [Bernstein, 1925] compared to the wet/dry sand line in the 2005 orthophoto. (c) The
shoreline probably reached its most landward position in 1939 when winter storms lowered the beach
and shifted the shoreline landward of its position in 1925.

likely M,, < 8.4 and their tsunamis, if generated, were probably
too small to inundate Bradley Lake.

2. Paleoseismological Records of Great Cascadia
Earthquakes and Tsunamis in Southern Oregon

[6] Cascadia paleoseismological records have been docu-
mented at several coastal sites in southern Oregon, including
Coos Bay [Nelson et al., 1996, 1998], Coquille River Estu-
ary [Witter et al., 2003], Bradley Lake [Kelsey et al., 2005],
and the Sixes River [Kelsey et al., 2002] at Cape Blanco
(Figure 1b). Offshore southern Oregon, paleoseismological
records come from stacked turbidites at two sites: Hydrate
Ridge and Rogue Apron [Goldfinger et al., 2012].

2.1.

[7] Sharp contacts between buried wetland soils and
overlying intertidal mud beneath lowlands fringing estuaries

Southern Oregon Estuaries

in southern Oregon have been interpreted to reflect episodes
of sudden subsidence caused by great Cascadia earthquakes.
At some sites, sandy deposits sandwiched between mud and
peat have been attributed to tsunamis generated by tectonic
deformation offshore.

[8] At Coos Bay, Oregon (Figure 1b), salt marshes along
South Slough archive evidence for ten rapid rises in relative
sea level in the past ~4,600 years, but only three satisfy
enough criteria to support earthquake-induced subsidence as
the cause of submergence [Nelson et al., 1996; 1998].
Equivocal evidence for the other seven sharp contacts cannot
distinguish between alternative nonseismic explanations and
an earthquake origin.

[9] Evidence at the Coquille River estuary (Figure 1b)
suggests that 12 Cascadia earthquakes in the past 6,700 years
dropped salt marsh and forest soils to tidal flat elevations
[Witter et al., 2003]. Sandy sediment inferred to record tsu-
nami inundation overlies all but one of the soils. The average
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Figure 3. Stratigraphic evidence of disturbances in Bradley Lake sedimentary record caused by great
Cascadia earthquakes and their tsunamis [Kelsey et al., 2005]. (a) Conceptual model of tsunami inundation
in a coastal lake that leaves a sand deposit in the sedimentary record. (b) Debris layers lacking evidence for
tsunami inundation consist of organic mud that interrupts normal laminated lake mud and are inferred to
reflect earthquake shaking that destabilizes basin walls. (c) Photo showing sand deposit interpreted to
reflect tsunami inundation. (d) Photo showing organic mud layer inferred to reflect seismic shaking.
(e) Topographic profile of coast between the Pacific Ocean and Bradley Lake. (f) Stratigraphic profile
of Bradley Lake sediment. Blue circles denote evidence for tsunami inundation. White squares denote
evidence for strong shaking without tsunami overtopping the lake outlet.

interval between events at the Coquille River is 570—
590 years, but varies from a few hundred years to over 1,000.

[10] The lower Sixes River valley near Cape Blanco
(Figure 1b) preserves stratigraphic evidence of 11 ruptures of
the plate boundary over the past 5,500 years that abruptly
lowered wetland soils into the intertidal zone [Kelsey et al.,
2002]. Earthquakes recorded at the Sixes River occurred on
average every 510 years and were accompanied by tsunamis
and, on at least two occasions, strong shaking that liquefied
sandy sediments. The Sixes River earthquake chronology,
along with observations from the Coquille River estuary,
provided some of the first supporting evidence for the
hypothesis that not all Cascadia earthquakes ruptured the

entire length of the subduction zone [Kelsey et al., 2002;
Witter et al., 2003].

2.2. Bradley Lake

[11] Bradley Lake’s proximity to the Pacific Ocean and its
position above the Cascadia megathrust made it a natural
tsunami gauge about 7,500 years ago when landward-
advancing sand dunes barred China Creek (Figure 2). Dis-
tinctive and unusual disturbances that interrupt laminated
lacustrine mud reflect seismic shaking and tsunami inunda-
tion caused by 17 prehistoric Cascadia earthquakes [Kelsey
et al., 2005] (Figure 3). In 13 cases the disturbances record
sustained surges of ocean water that blanketed the lake floor
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with landward-thinning sheets of sand carried from near-
shore, beach and dune environments. Kelsey et al. [2005]
reasoned that over the period when the lake was an opti-
mal tsunami recorder (~4,600 years ago to the present) its
elevation (~6 m NAVD 88) was too high to be breached by
distant tsunamis generated by plate-boundary ruptures around
the Pacific Ocean.

[12] Other processes, like short-period waves (tens of
seconds) driven by north Pacific storms offered less likely
explanations for the disturbances. For justification, Kelsey
et al. [2005] (Figure 3) pointed to short-lived peaks in lake
salinity, evident from Holocene marine diatoms present in
disturbed sediments, that required marine water to flow into
the lake for tens of minutes to hours—conditions best
explained by Cascadia tsunamis, including the most recent
waves in 1700.

2.3. The Offshore Turbidite Record

[13] Shaking during at least 13 great earthquakes since the
eruption of Mount Mazama (~7.6 ka) triggered turbidity
currents in multiple submarine canyon heads along the Cas-
cadia margin that deposited rhythmic beds of sand and silt in
the floors of offshore channels and abyssal fans [Adams,
1990]. Decades after they were first described by Griggs
and Kulm [1970], Adams [1990] proposed that these turbi-
dite deposits required synchronous triggering by regional
earthquakes for two reasons. First, following Pilkey’s [1988]
study of turbidites in the Mediterranean Sea and Puerto Rico
Trench, Adams argued that the same number of turbidites
above and below channel confluences indicate a phenome-
non of regional triggering, so that local mechanisms like
shallow crustal earthquakes (e.g., M 6.5 within 50 km of a
canyon head) or self-triggering at multiple canyon heads with
different sediment loading rates could be ruled out. He fur-
ther reasoned that the coincidence of 13 turbidites at multiple
sites spanning 580 km, from Rogue Apron in the south to
Cascadia Channel in the north, was most simply explained by
a series of great earthquakes. Turbidite studies along other
tectonically active margins have expanded on Adams’s
[1990] approach and show that sedimentological attributes
and tests for synchronous triggering can distinguish turbi-
dites triggered by earthquakes versus other processes [e.g.,
Gorsline et al., 2000; Nakajima and Kanai, 2000; Gracia
et al., 2010; Goldfinger et al., 2008].

[14] A reexamination of the southern Cascadia turbidite
record by Goldfinger et al. [2008, 2012] implies shorter
earthquake recurrence times (220-380 years on average)
along the southern margin compared to the 500-530 year
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average recurrence times for turbidites that correlate along
the entire Cascadia margin. Turbidites offshore southern
Oregon include sequences deposited in a 10-km long, slope
basin west of Hydrate Ridge, a structural high in the accre-
tionary wedge, and stacked deposits within a 2-km wide
apron at the base of Rogue Canyon, ~250 km to the south
(Figure 1b). Subtle features of the Hydrate and Rogue cores
include dark intervals with silty bases—distinct from the
pelagic clay—that thicken sections between sandy turbidites
correlated along the entire margin. These so-called “mud
turbidites” account for 11 of 24 turbidites at Hydrate Ridge
and 19 of 32 turbidites at Rogue Apron, deposited since
7.5 ka (Figure 4) [Goldfinger et al., 2012].

[15] Hydrate Ridge’s western basin is encircled on three
sides by high, structural ridges that block sediment delivery
from sources outside the basin, limiting sources to the high
ridges directly adjacent to the basin. This isolation and the
absence of Mazama ash in cores at Hydrate Ridge eliminates
storms, tsunamis, hyperpycnal flows (density currents dur-
ing high discharge river floods), and other shallow water
processes as sources of turbidity currents. Other processes
like slope destabilization by gas hydrates or local slumping
are unlikely causes of turbidites at Hydrate Ridge because of
the fidelity of stratigraphic correlations with cores from
Rogue Apron, the consistency among radiocarbon age esti-
mates, and the agreement between offshore and onshore
earthquake evidence [Goldfinger et al., 2012]. Additional
turbidites observed in cores south of the Trinidad system
may have been triggered by processes other than megathrust
seismicity [Goldfinger et al, 2012]. Turbidites offshore
northern California may be more numerous because of the
higher rate of shallow crustal earthquakes and a narrower
shelf that brings offshore canyon heads closer to sediment-
laden river systems, increasing the susceptibility to storm-
driven turbidity currents. Refer to Goldfinger et al. [2012]
for a comprehensive discussion of alternative turbidite trig-
gering mechanisms.

3. Correlation of Paleoseismological Records

[16] We correlate the Bradley Lake chronology of Casca-
dia tsunamis with the most reliable evidence of great earth-
quakes from nearby Oregon estuaries and with a chronology
of more frequent earthquakes along the southern plate-
boundary inferred from turbidite records at Hydrate Ridge
and Rogue Apron [Goldfinger et al., 2012]. Correlations
(Figure 4) consider three aspects of published data for
the various earthquake records: (1) physical properties of

Figure 4. Correlation of radiocarbon data from coastal paleoseismic sites in south-central Oregon and offshore turbidite
sequences from Hydrate Ridge and Rogue Channel. Stratigraphic correlations of turbidites have been interpreted by
Goldfinger et al. [2012] to reflect long (>500 km) fault ruptures (bold dashes) of most of the megathrust from shorter
(<500 km) fault segment breaks (thin dashes) along the southern margin. Up arrows denote maximum age estimates on detri-
tal samples. Symbol width represents relative size of earthquake inferred from deposit thickness or amount of subsidence
evident in change in microfossil assemblages. Rectangles represent inferred earthquake age ranges in calendar years before
1950, calibrated from radiocarbon dates using Calib 5.0.2 software [Stuiver and Reimer, 1993; M. Stuiver, P. J. Reimer, and
R. W. Reimer, CALIB 5.0, 2005, available at http://calib.qub.ac.uk/calib/], the calibration database of Reimer et al. [2004]
and the marine reservoir database of Hughen et al. [2004]. The age ranges presented here have been recalibrated from the
original laboratory reported age and are compiled in Goldfinger et al. [2012, Appendix 1]. Original age data for Cascadia
earthquake records from coastal sites are reported in studies at Alsea Bay [Nelson et al., 2008]; Coos Bay [Nelson et al.,
1996, 1998]; Coquille River [Witter et al., 2003]; Bradley Lake [Kelsey et al., 2005]; and Sixes River [Kelsey et al., 2002].
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turbidites that strengthen stratigraphic correlations along the
Cascadia margin [Goldfinger et al., 2012]; (2) the agree-
ment (overlap) of 2¢ calibrated radiocarbon age ranges; and
(3) qualitative estimates of earthquake size depicted by the
widths of symbols in Figure 4 [e.g., Nelson et al., 2006;
Goldfinger et al., 2012]. For example, thick dashed lines in
Figure 4 designate stratigraphic correlations of the longest
ruptures inferred by matching characteristic sedimentary
signatures in grain size distribution, sediment density, and

Northern Latitude
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magnetic susceptibility of turbidites within the same channel
and between different channel systems separated by hundreds
of kilometers [Goldfinger et al. 2012]. Stratigraphic correla-
tions of thinner, mud turbidites (thin dashed lines in Figure 4)
with shared physical properties from cores along the southern
margin may reflect shorter ruptures.

[17] Symbology in Figure 4 also designates relative size
inferred for each earthquake. Relative sizes of turbidite beds
are considered to generally represent relative sizes of
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earthquakes, an inference supported by the observed consis-
tency of the correlated turbidite beds along strike. This topic
and estimated rupture lengths and relative magnitudes are
discussed further in Goldfinger et al. [2012]. Relative sizes of
earthquakes inferred from evidence at Bradley Lake, Alsea
Bay and Coos Bay come from Nelson et al. [2006]. The rel-
ative sizes of earthquakes recorded at the Coquille and Sixes
River estuaries in southern Oregon are inferred from esti-
mates of coseismic subsidence, lateral extent of submergence
and thickness of tsunami deposits [Kelsey et al., 2002; Witter
et al., 2003].

[18] Confidence in the correlations are limited by 20 age
ranges spanning 200-300 calendar years, which in many cases
leaves open more than one possible alternative [e.g., Nelson
et al., 2006]. The radiocarbon age ranges plotted in Figure 4
are compiled by Goldfinger et al. [2012, Appendix 1]. The
'4C dates from original studies were calibrated using Calib
5.0.2 software [Stuiver and Reimer, 1993; M. Stuiver, P. J.
Reimer, and R. W. Reimer, CALIB 5.0, 2005, available at
http://calib.qub.ac.uk/calib/], the calibration database of
Reimer et al. [2004] and the marine reservoir database of
Hughen et al. [2004]. If any of the earthquake records include
events separated by a few decades, like historical examples
from Nankai trough [Ando, 1975], Alaska, Columbia
[Thatcher, 1990] and the Sunda megathrust [Briggs et al.,
2006], then we cannot differentiate them. Further uncer-
tainty in the age estimates comes from the indefinite relation
between the material dated and the time of the earthquake.

[19] Ages for land records mostly come from detrital plant
macrofossils, whereas turbidite ages reflect analyses of
marine foraminifera and require marine reservoir correction
[Hughen et al., 2004; Goldfinger et al., 2012]. In almost all
cases the sample dated provides a maximum constraint on
the time of the earthquake. Bradley ages, though narrower in
20 range than others, appear to be systematically older when
compared to other data, probably because the water-logged
needles, moss and twigs submitted for dating died several
decades or, in some cases, a few centuries before the tsunami
swept them into the lake. Despite these caveats, inferences
on relative earthquake size for events at Bradley Lake and
adjacent estuaries strengthen correlations with the thickest
turbidites while highlighting the obvious discrepancy that
turbidites along the southern Cascadia margin outnumber
earthquakes recorded at coastal sites by nearly two to one
over the past 7,500 years (Figure 4).

[20] The giants (M,, > 9) among Cascadia earthquakes
captured in paleoseismic records probably left evidence at
multiple sites that strengthen some correlations. Whereas,
the merely great (M, > 8) earthquakes or lesser earthquakes
may have triggered turbidites offshore but failed to subside
coastal sites low enough or propel tsunamis high enough to
exceed thresholds necessary to form and preserve geologic
evidence [e.g., McCalpin and Nelson, 1996; Nelson et al.,
2006]. In the past 7,500 years, 13 of 32 (~41%) southern
Cascadia earthquakes, inferred from offshore turbidites,
appear to have triggered turbidity currents in submarine
canyons and generated tsunamis that inundated Bradley
Lake (Figure 4). Lake conditions apparently became more
sensitive to recording tsunami inundation about 4,600 years
ago because since this time 12 of 23 (~52%) earthquakes
appear to be coincident in both the turbidite history and
lacustrine record of tsunamis. Although the correlations
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between tsunami deposits in Bradley Lake and the largest
turbidites are not precisely constrained by broad age ranges,
alternative correlations with thinner turbidites are less com-
pelling and unsupported by the relative event size data.

[21] Although many correlations remain equivocal, the
most compelling include the 1700 earthquake and great
earthquakes between 800 and 1,060, 1,300-1,420, 1,370-
1,630, 2,350-2,620 and 2,960-3,260 calibrated years before
1950 (cal yr BP) (in Figure 4, 20 age ranges for Bradley
Lake DE2, DE4, DES, DE7 and DES). Two lesser great
earthquakes, probably of smaller magnitude than the 1700
event, raised tsunami waves that entered Bradley Lake
between 1,370 and 1,630 and 3,000-3,490 cal yr BP (DE6
and DE9 in Figure 4). These events, recorded as marine
incursions in the lake sediments, probably produced less
shaking than their giant cousins because they produced
thinner turbidites, and generated too little surface displace-
ment to subside adjacent estuaries that flank Bradley Lake to
the north and south [Kelsey et al., 2002; Witter et al., 2003].
An earthquake about 930—1,090 cal yr BP (DE3 in Figure 4)
probably produced sufficient shaking to release turbidity
currents offshore and destabilize side slopes of Bradley Lake
(Figure 3) but failed to generate a tsunami high enough to
overtop the 6-m-high (NAVD 88) outlet. Correlations of
evidence for tsunamis and shaking in lake sediments older
than ~3,500 cal yr BP are less clear and complicate matches
with individual turbidites.

4. Tsunami Modeling Approach and Methods

4.1.

[22] Coastal and marine evidence of prehistoric Cascadia
earthquakes imply that large displacements of the seafloor
have produced tsunami waves capable of penetrating the
outlet of Bradley Lake. Source details of other great sub-
duction zone earthquakes have been evaluated using
numerical tsunami modeling guided by the distribution of
tsunami deposits [Maclnnes et al., 2010; Satake et al., 2008;
Titov et al., 2001]. We perform fault dislocation modeling
that predicts seafloor deformation as initial conditions for
tsunami simulations run with the hydrodynamic code,
SELFE [Zhang and Baptista, 2008]. Because seafloor dis-
placement, and hence tsunami size, is sensitive to coseismic
slip distribution, we developed three slip models (Figure 5).
The first slip model distributes slip symmetrically on a bur-
ied fault simulating peak slip along the entire length of the
megathrust that tapers to zero both up and downdip [e.g.,
Wang and He, 2008; Priest et al., 2009]. The second model
diverts slip to a hypothetical, offshore splay fault [e.g.,
Priest et al., 2009] by truncating the symmetrical slip dis-
tribution of the first model at the surface trace of the splay
fault (Figure 5b). We tested a third rupture model that skews
megathrust slip seaward (Figure 5b), consistent with limited
observations of coseismic deformation produced by the
1964 Alaska earthquake [Freund and Barnett, 1976], and
the evidence for large seaward slips in the 2011 Tohoku
earthquake [Ide et al., 2011; Fujiwara et al., 2011]. Indi-
vidual scenarios used to compute seafloor displacement are
based on these three slip models and encompass a range of
peak slip values (8—24 m) that correspond to earthquake
recurrence intervals—or potential slip deficits—spanning
250-700 years.

Simulating Cascadia Tsunamis at Bradley Lake
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Figure 5. Cascadia earthquake scenarios. (a) Vertical
itude of Bradley Lake. Rectangles span the range of s

deformation produced by three scenarios at the lat-
ubsidence inferred from fossil diatom assemblages

[Kelsey et al., 2002; Witter et al., 2003]. (b) Profile of fault slip distribution at the latitude of Bradley Lake.
Red line shows slip truncated where the splay fault intersects the seafloor. (¢) Cross section of the Casca-
dia subduction zone, at the latitude of Bradley Lake, showing model fault geometry. Bold black line
delineates slip patch on plate interface and the geometry of a hypothetical splay fault.

4.2. Summary of Modeling Methods

[23] Surface deformations emulated for earthquake sce-
narios employ a three-dimensional fault dislocation model
[Okada, 1985] using a uniform elastic half-space with a

Poisson’s ratio of 0.25. Slip calculations use Euler vectors
that describe the rate and direction of convergence between
the Juan de Fuca / Gorda plates and the Cascadia forearc
[Wang et al., 2003]. Using this approach, the convergence

8 of 17



B10303

rate at the latitude of Bradley Lake is 32 mm yr~'. All fault
ruptures use the slip function of Wang and He [2008], which
was modified from a function proposed by Freund and
Barnett [1976]. This function allows the slip to decrease in
both the updip and downdip directions, reflecting the
velocity-strengthening behavior of the shallowest fault seg-
ment and the deeper part of the fault. For the shallow end,
the behavior of the fault is inferred from limited observations
as discussed by Wang and Hu [2006]. For the deep end, the
fault behavior has been inferred from thermal constraints,
stress indicators in the upper plate and agreement between
modeled deformation and available paleoseismic estimates
of coseismic subsidence [Kelsey et al., 2002; Witter et al.,
2003; Leonard et al., 2004, 2010; Hawkes et al., 2011].

[24] Tsunami simulations use the hydrodynamic code,
SELFE [Zhang and Baptista, 2008]—the Semi-implicit
Eulerian-Lagrangian Finite Element model used for cross-
scale ocean circulation modeling, tsunamis and storm surges.
SELFE solves three-dimensional nonlinear shallow-water
wave equations using the finite element method on an
unstructured grid. The computational grid has 266,434 nodes
and 527,055 triangular elements, with coarser resolution in
the open ocean and finer resolution (~5 m) near Bradley
Lake. The maximum and minimum grid sizes are about
30 km and 1 m. For simulations in this study the code uses
zero values for bottom water friction and viscosity para-
meters. Algorithms used to solve the Navier-Stokes equa-
tions are computationally efficient and stable and have been
validated against a number of analytical, laboratory and field-
based benchmarks [Zhang and Baptista, 2008; Zhang et al.,
2011].

4.3. Inferred Late Holocene Evolution
of the Coastal Landscape

[25] An evolving late Holocene beach and dune landscape
probably influenced overland tsunami flow varying the
degree of inundation from one tsunami to the next. Since the
early 1900s, Oregon’s vast coastal dune sheet has pro-
foundly changed. The introduction of exotic plants (e.g.,
European beach grass, Ammophila arenaria) placed to sta-
bilize sand dunes and prevent encroachment on human
development [Komar, 1997] has created a modern landscape
that was not encountered by prehistoric tsunamis. These chan-
ges, evident in historical imagery (Figure 2), have led to a
dramatic decrease in the extent of dynamic sand dunes, the
construction of densely vegetated, stabilized foredunes that
impede marine inundation, and the confinement of a sinuous,
north deflected channel of the lake outlet stream.

[26] Paleoseismological data and coastal geomorphology
suggest that gradual westward progradation of the shoreline
was punctuated by erosion following great earthquakes
throughout the late Holocene [e.g., Meyers et al., 1996;
Komar, 1997]. Our model of the late Holocene landscape
evolution west of Bradley Lake places the shoreline closest
to the lake where wave erosion formed a sea cliff, now
buried by sand dunes but resolved in 2009 LiDAR imagery
(Figure 2). This erosion probably occurred shortly after the
time Bradley Lake began recording tsunami inundation
(~4,600 cal yr BP) [Kelsey et al., 2005]. Since formation of
the sea cliff, aeolian sand climbed over and buried the bluff,
building a series of foredunes that caused the shoreline to pro-
grade westward. Subsidence accompanying great earthquakes,
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which is accounted for in tsunami simulations, instanta-
neously raised sea level by >0.5 m [Nelson, 1992; Kelsey
et al., 2002; Witter et al., 2003] causing a period of acceler-
ated erosion, first by the tsunami, and then by ocean waves
over a period of decades following each event. In between
earthquakes, gradual strain accruing on the locked part of the
megathrust slowly uplifted the coast [e.g., Wang et al., 2003].
The uplift may have negated slow sea level rise or possibly
exposed the beach, promoting further sand accretion and
dune mobility. The net response of the sand dune and beach
system over multiple earthquake cycles in the late Holocene
was gradual westward progradation of the shoreline, inter-
rupted by episodes of erosion following earthquake subsi-
dence, making it increasingly more difficult for tsunamis to
inundate the lake [Kelsey et al., 2005].

[27] To examine how late Holocene and historical land-
scape changes may have influenced tsunami inundation, the
simulations use three different unstructured finite element
grids depicting hypothetical shorelines that vary in proxim-
ity to the lake (Figure 6). As shown on vintage 1939 aerial
photography and depicted on U.S. Coast and Geodetic Sur-
vey “T-Sheets” from circa 1925 [Bernstein, 1925], all grids
portray the lake’s outlet channel as straighter—and hence
more easily flooded by tsunamis—than its present configu-
ration deflected northward by development of recent fore-
dunes (Figure 2). Grid A depicts the straightened outlet
channel on modern topography derived from LiDAR col-
lected in 2009. Grid B removes foredunes accentuated by
vegetation planted in the 1930s [Komar, 1997], shifts the
shoreline ~250 m east to near its position in the 1920s, and
reflects our best estimate of the shoreline conditions in 1700
(rationale explained in section 5.2). Grid C renders a beach
with the shoreline in its most landward position interpreted
from the geomorphic expression of a sea cliff buried by
Holocene dune sand located ~300 m east of the modern
shoreline in grid A (Figures 2 and 6). Grid C was developed
as an alternative landscape to examine experimental condi-
tions most favorable to tsunami inundation.

4.4. Variations in Ocean Level

[28] Fluctuations in sea level probably influenced whether
tsunamis reached Bradley Lake. Simulations of the most
recent Cascadia tsunami assume the waves arrived at or
shortly following low tide in the evening of 26 January 1700,
according to tidal hindcasts by Mofjeld et al. [1997] that
include subtidal fluctuations in winter water levels. We also
ran additional simulations using mean higher high water
(MHHW) to test the model’s sensitivity to tide level and,
when coupled with grid C, examine hypothetical conditions
most favorable for tsunamis to enter the lake (Table 1). We
ignore relative sea level change owing to slow vertical strain
between earthquakes and late Holocene eustatic sea level rise
because such small variations, <0.3 m since 1700 [Witter
et al, 2003], fall within decadal variability of climate-
related processes controlling ocean levels, like El Nifios that
elevate winter water levels primarily during the warm phases
of the Pacific Decadal Oscillation [Komar et al., 2011].

5. Results

[29] Three models of coseismic slip (Table 1) give rise to a
variety of tsunami scenarios, using different shoreline
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Figure 6. Maps and profiles of numerical grids used in tsunami simulations referenced to the mean
higher high water tidal datum (MHHW). Grid A reflects the modern topography derived from 2009
LiDAR data and includes a straightened outlet channel reconstructed from historical maps and photos
(see Figure 2). Grid B depicts the inferred landscape in AD 1700 based on the position of the shoreline
in 1925 [Bernstein, 1925]. Grid C represents the most landward possible position of the shoreline con-
strained by a paleo-seacliff buried by sand dunes. Profiles (lower right) along the reconstructed outlet
channel compare the modern topography (gray shade) to profiles from alternative model landscapes. Lake
outlet elevation in all grids is ~4 m MHHW, equivalent to ~6 m NAVD 88. Grids A—C depict a progres-
sive landward shift of the shoreline, respectively, thereby reducing barriers to tsunami inundation.

positions and tide levels, that successfully simulate inunda-
tion in Bradley Lake. The highest slip estimates represent
coseismic slip on the megathrust at ~49°N where the plate
convergence rate (i.e., slip deficit rate) approaches
40 mm yr~'. Coseismic slip estimates at the latitude of
Bradley Lake (43°N) use a convergence rate of 32 mm yr .
These slip estimates represent the peak values of the slip
distributions at the two respective latitudes, including the
symmetrical slip, seaward-skewed and splay fault models
(Figure 5). Mean slip estimates for the entire rupture area are
approximately half the highest slip estimate. It is important
to recognize that the peak and mean slip estimates are
summary parameters representing the slip distribution of the
rupture model used to simulate tsunami inundation. The
sixth column in Table 1 lists the time necessary to accrue the
corresponding amount of slip at the plate convergence rate,
assuming the peak slip recovers all the slip deficit. We stress
that sand deposits in the lake only provide lower constraints
on inundation capable of exceeding the 6-m lake outlet ele-
vation. Therefore, if prehistoric tsunamis were larger, they
would require higher amounts of slip on the megathrust.

5.1.

[30] Initial experiments simulated tsunami waves that reach
Bradley Lake by inundating the modern landscape with a
reconstructed, straight outlet channel based on 1925 coastal
survey maps (grid A; Figure 6). Westward progradation of the
shoreline since 1700 and historical enhancement of foredunes
fronting Bradley Lake have placed impediments probably
absent when prehistoric tsunamis struck. Using a finite ele-
ment grid derived from 2009 LiDAR data, simulations
required 500—600 year slip deficits to produce tsunamis that
reached the 6 m (NAVD 88) elevation of the lake outlet for
symmetric and seaward-skewed slip rupture scenarios,
respectively. If these models represent full-margin ruptures,
they are equivalent to M, 9-9.1 earthquakes with 16-19 m of
slip at 43°N (Table 1). Splay fault scenarios, which emulate
greater seafloor uplift (Figure 5), required a 460-year slip
deficit accrued at the plate convergence rate (15 m of slip) to
simulate tsunami waves that travel up the straightened outlet
and into the lake.

[31] Figure 2a shows the simulated tsunami inundation
limit for two earthquake scenarios using symmetric slip

Simulations on a Modern Landscape
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Table 1. Cascadia Earthquake Parameters That Simulate Tsunami Inundation in Bradley Lake®
Slip at Slip at Mean
Length Width® 49°N°¢ 43°N¢ Slip Equivalent Years Moment
Fault Slip Distribution (km) (km) (m) (m) (m) at 40 mm yr—'° Magnitude (M,,)"
Modern Shoreline, Straight Outlet Channel (Grid A): MSL + 0.5
Symmetric slip 1100 105 20 16 10 500 9.0
Seaward-skewed slip® 1100 105 24 19 12 600 9.1
Slip diverted to splay fault 1100 83 18 15 9 460 8.9
Inferred 1700 Shoreline (Grid B): MSL + 0.5
Symmetric slip 1100 105 16 13 8 400 9.0
Slip diverted to splay fault 1100 83 14 12 7 360 8.9
Shoreline Near Seacliff (Grid C): MSL + 0.5
Symmetric slip 250 55 na 9 6 290 8.4
Slip diverted to splay fault 250 55 na 8 5 260 8.4
Shoreline Near Seacliff (Grid C): MHHW
Symmetric slip 250 55 na 9 5 270 8.4
Slip diverted to splay fault 250 55 na 8 5 250 8.4

Tidal elevation used in simulations, Mean Sea Level (MSL) + 0.5 m (1.55 m NAVD 88), approximates hindcast tide in 1700 [Mofjeld et al., 1997].
Runs completed with grids A and B use MSL + 0.5 m tide; runs completed with grid C use MSL + 0.5 m and mean higher high water (MHHW,

2.07 m NAVD 88) tides.

*Equivalent width for entire fault; actual width at latitude of Bradley Lake is smaller.

“Slip estimates are the product of the recurrence interval times a convergence rate close to 40 mm yr~'at ~49°N.

4Slip estimates at 43°N use the convergence rate at the latitude of Bradley Lake (32 mm yr").

°The time, in years, necessary to accrue the corresponding amount of slip at the plate convergence rate.

"Moment magnitude (M) = (log My — 9.1)/1.5. Seismic moment (M), is the product of the rupture area (length x width), mean slip, and rigidity, where

rigidity =4 x 10'°° N m~2

£The seaward-skewed slip rupture model was used only for tsunami simulations incorporating grid A.

distributions and a model grid with modern topography. The
scenario with a 350-year slip deficit, equivalent to 14 m peak
slip, fails to simulate inundation in the lake. A scenario using
a 500-year slip deficit, or about 15-16 m of slip, is required
to inundate the lake.

[32] The seaward skewed-slip model produced a poorer fit
to coseismic subsidence estimates and created smaller
tsunamis than the symmetric slip and splay fault models for the
same amount of slip (Table 1). Given this finding, we elimi-
nated the seaward-skewed slip model from further testing.

[33] Did past tsunamis face fewer obstacles between the
shoreline and the lake than they would today? Historical
changes in the landscape present barriers that likely were not
faced by prehistoric tsunamis. For example, the introduction
of exotic plants in the 1930s to hamper sand dune migration
has led to higher foredunes and a seaward shift in the
shoreline since 1925 (Figure 2).

5.2. Simulations of the 1700 Tsunami

[34] To test the sensitivity of tsunami simulations to var-
iations in shoreline position and shifting foredunes near the
lake outlet we reconstructed plausible landscapes reflecting
the inferred shoreline conditions met by prehistoric
tsunamis. Of all the tsunami deposits in the lake record, we
can reconstruct with most confidence the landscape that
existed in 1700. Also available for the 1700 tsunami simu-
lation is the sea level estimate reconstructed by Mofjeld et al.
[1997]. Although the shoreline conditions in 1700 certainly
differed from the present landscape, they probably more
closely resembled the coast mapped by early surveyors in
the 1920s [Bernstein, 1925] before plantings for dune sta-
bilization formed the modern shoreline (Figure 2). There-
fore, to estimate the minimum fault slip required by tsunami
waves in 1700 that reached Bradley Lake we ran simulations

on grid B (Figure 6) using inputs from both the symmetrical
slip and splay fault rupture models.

[35] Simulations of the 1700 tsunami require a minimum
of 360400 years of slip (12-13 m peak slip at 43°N) to
inundate Bradley Lake for the splay fault and symmetrical
slip models, respectively (Table 1). Our findings fall within
the range of 1020 m of slip in 1700 (<550 years of strain
accumulation) estimated by Hawkes et al. [2011] at Coos
Bay using analyses of changes in foraminifera assemblages
across stratigraphic contacts attributed to coseismic subsi-
dence. Estimates of slip in 1700 from offshore turbidites at
Hydrate Ridge and Rogue Apron are equivocal because
Goldfinger et al. [2012] could not directly relate turbidite
mass to coseismic slip.

5.3. Simulations on a Late Holocene Landscape

[36] Reconstructing the landscape and sea level for earlier
Cascadia tsunamis becomes increasingly more difficult for
earlier shorelines. Simulations of inferred smaller tsunami
waves that inundated the lake about 1,850 and 3,300 cal yr
BP (DE6 and DE9 in Figure 4) used grid C that reproduces
the most landward position of the late Holocene shoreline
revealed by a buried sea cliff (Figure 2). These tests attempt
to match waves that deposited thinner tsunami deposits
during earlier disturbances in the lake’s history when the
landscape was likely much different than today’s. Over-
lapping 20 age ranges (Figure 4) suggest that Cascadia
earthquakes recorded by DE6 and DE9 probably represent
the same events recorded by turbidites R5a and R7a in
Rogue Apron. Although, the DE6 tsunami deposit in Brad-
ley Lake correlates with H5a in Hydrate Ridge, DE9 lacks a
correlative turbidite north of Rogue Apron implying that the
deposit records a tsunami generated by a Cascadia earth-
quake restricted to the southern 250 km of the megathrust.
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[37] Earthquake scenarios using the splay fault and sym-
metric slip models with grid C require a minimum of 8-9 m
of slip accumulated over 260-290 years, respectively
(Table 1), to produce tsunami simulations that inundate
Bradley Lake. These simulations used a tide level equivalent
to mean sea level plus 0.5 m. Simulations that used a higher
tide level (MHHW) required slightly less slip accrued over
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250-270 years (Table 1). By reconstructing conditions more
favorable for tsunami inundation, we have used paleotsunami
deposits in Bradley Lake to estimate the minimum amounts
of coseismic slip for inferred earthquakes recorded by thin-
ner, mud turbidites in southern Cascadia. For comparison,
Leonard et al. [2010] estimated a mean slip of 15 +/— 6 m for
pre-1700 earthquakes in southern Oregon (~42.5°—44°N)
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using coseismic subsidence data from the Coquille [Witter
et al., 2003] and Sixes Rivers [Kelsey et al., 2002].

5.4. Hypothetical Megathrust Slip Budgets

[38] Hypothetical slip budgets provide insight on the plau-
sibility of estimates constrained by tsunami modeling versus
slip deficits implied by paleoseismic recurrence intervals
(Figure 7). To construct simple slip budgets, we assume that
slip available for fault rupture at the latitude of Bradley Lake
accumulates at the convergence rate of ~32 mm yr~ ' between
the Juan de Fuca plate and the Cascadia forearc [Wang et al.,
2003] (slope of dashed line in Figure 7a). We also assume
that the same part of the megathrust offshore Bradley Lake
ruptures during each event. The gray area in the first slip
budget (Figure 7a) brackets high and low coseismic slip esti-
mates for each earthquake attended by a tsunami that entered
Bradley Lake. The top of this slip envelope uses higher min-
imum slip estimates constrained by simulations of the 1700
tsunami. If every earthquake accompanied by a tsunami that
inundated Bradley Lake involved 12-13 m of slip on the
megathrust, then the upper limit of the envelope represents a
hypothetical slip budget that leaves little slip available for
additional ruptures of the same megathrust patch. Alterna-
tively, if the minimum 8 m of coseismic slip is used for events
prior to the 1700 earthquake, this defines the lower boundary
ofthe envelope but leaves approximately 57 m of accumulated
slip unspent by earthquakes. If all 11 turbidites that lack cor-
relative tsunami deposits in Bradley Lake reflect rupture of the
same megathrust patch, then this 57 m of slip allows a mean
slip of ~5.2 m per event, equivalent to 11 My, 8.2-8.4 earth-
quakes, magnitude varying with area ruptured.

[39] In contrast, a simple slip budget constructed using
turbidite recurrence intervals from the Rogue Apron record is
not consistent with coseismic slip estimates from tsunami
simulations (Figure 7b). Of the 23 turbidites deposited in
Rogue Apron since ~4,600 yr BP, 12 can be reasonably
correlated with tsunami deposits in Bradley Lake (Figure 4).
Two other turbidites, T3a and T10, appear to correlate with
lake disturbances that reflect seismic shaking but lack evi-
dence of tsunami inundation. In Figure 7c, slip is estimated
from the inter-event time before a turbidite and compared to
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the minimum slip estimated from tsunami simulations shown
by the horizontal gray band. Arrows point to slip estimates
for 12 turbidites that correlate with tsunami deposits,
including the 1700 tsunami. Figure 7d shows slip estimates
using the post-event time interval between turbidites. Since
there hasn’t been an earthquake since 1700, there is no post-
event interval with which to estimate slip for the most recent
Cascadia earthquake. Instead, we use 12—13 m of minimum
slip inferred from the 1700 tsunami simulation. Both plots
show that among the 11 slip estimates for turbidites that
predate 1700, 7 fall short of the minimum slip required to
simulate tsunami inundation in Bradley Lake while 4 esti-
mates meet or exceed the minimum slip constraints from
modeling.

6. Discussion

[40] Our estimates of coseismic slip on the southern Cas-
cadia megathrust in 1700 suggest the amount of slip may
require accumulation over more than one earthquake cycle. A
slip deficit of 360-400 years (12—-13 m at 32 mm/yr con-
vergence), as indicated by the simulations, is considerably
longer than the ~220-year interval between the 1700 earth-
quake and its predecessor recorded offshore Oregon by tur-
bidite R2 (Figure 4). If turbidite R2a records an earthquake
that ruptured the same megathrust slip patch then the slip
deficit required by simulations of the 1700 tsunami exceed the
slip accrued over two prior earthquake cycles (~330 years,
Figure 4). At least in southern Oregon, the interseismic inter-
val preceding the 1700 earthquake appears to be a poor pre-
dictor of coseismic slip.

[41] Leonard et al. [2010] reported a similar mismatch
between the slip in the 1700 earthquake and the prior interval
of strain accumulation in southern Washington and northern
Oregon. Using a compilation of subsidence data for the 1700
Cascadia earthquake, Leonard et al. [2010] estimated slip
equivalent to a deficit accumulated over ~500 years along
the central Cascadia margin. However, they did not consider
the turbidite evidence that the penultimate earthquake was
separated by only ~200 years from 1700 along most of the
margin [Goldfinger et al., 2012]. Similarly, our results

Figure 7. Hypothetical slip budgets inferred from Bradley Lake tsunami history and offshore turbidite record. (a) Stepwise
profile of cumulative slip inferred for 12 Cascadia earthquakes accompanied by tsunamis that inundated Bradley Lake (black
numbers). Grey envelope encompasses range of cumulative slip for repeated earthquake cycles with 813 m of slip per
event. No slip is added for lake disturbances 3 and 14 inferred to record earthquake shaking (gray numbers, Figure 3). Sym-
bols represent turbidites that may or may not correlate with tsunami deposits, including sandy turbidites found along most of
the margin (black squares), mud turbidites at Hydrate Ridge and Rogue Apron (gray diamonds), and mud turbidites present
only at Rogue Apron (white diamonds). Slope of the dashed line represents the plate convergence rate at the latitude of
Bradley Lake (32 mm yr ). (b) Cumulative earthquake slip profile inferred for turbidite records from Hydrate Ridge and
Rogue Apron. Solid line plots cumulative slip for post-event time intervals for all turbidites, including sandy (black labels)
and mud turbidites (gray labels) documented in Rogue Apron cores. Black circles mark correlative Cascadia tsunamis evident
from sand deposits in Bradley Lake. (c¢) Coseismic slip inferred from time intervals prior to southern Cascadia turbidites. Bold
labels and solid lines show slip estimated for earthquakes recorded by sandy turbidites along most of the margin; gray labels
and dashed lines estimate slip from intervals of thinner mud turbidites. Arrows mark turbidites that correlate with tsunami
deposits in Bradley Lake. Evidence of seismic shaking in lake sediment may correlate with turbidites T3a and T10. The gray
zone spans the minimum fault slip necessary to simulate tsunami inundation in Bradley Lake. Since no earthquake has
occurred since turbidite T1, we use the 12—13 m slip estimated from simulating the 1700 tsunami. (d) Coseismic slip inferred
from time intervals following southern Cascadia turbidites. Symbols and labels as in Figure 7c. In both Figures 7c and 7d,
among the remaining 11 tsunami deposits there are just four cases where turbidite recurrence intervals predict sufficient slip
to inundate Bradley Lake that is consistent with tsunami simulations.

13 of 17



B10303

conflict with their estimates for the southern part of the sub-
duction zone, which suggest recovered slip deficit accrued over
~200 years, roughly equal to the time between R2 and the 1700
earthquake [Leonard et al., 2010]. Hawkes et al. [2011] esti-
mate >10 m of slip in 1700 for the southern Oregon part of the
megathrust, which agrees well with our estimates.

[42] Satake et al. [2003] estimated 18-21 m peak slip in
1700 (560—660 yrs of slip deficit) based on tsunami wave
heights in Japan; however, their coarse, ~400-m numerical
grid for tsunami simulations along the Japan coast probably
underestimated wave amplitude compared to more refined
grids [Titov and Synolakis, 1997; Myers and Baptista, 2001].
Therefore, the Satake et al. [2003] slip estimate on an offshore,
full-slip zone spanning the entire length of the megathrust may
reflect a maximum slip estimate for the 1700 earthquake.

[43] Working 300 km north of Bradley Lake at Cannon
Beach, Priest et al. [2009] estimated minimum slip for the
last three Cascadia earthquakes at ~14—15 m based on
paleotsunami deposits and tsunami simulations similar to this
investigation. We conclude that the 1700 Cascadia earth-
quake had peak slip equal to or exceeding 12-13 m at
Bradley Lake and 14—15 m at Cannon Beach, but less than
the 18-21 m of Satake et al. [2003].

[44] Seismic and tsunami hazard assessments for subduc-
tion zones typically rely on earthquake recurrence intervals
to estimate fault slip and earthquake magnitude [e.g.,
Petersen et al., 2008; Gonzalez et al., 2009]. We question
whether the recurrence record of southern Cascadia turbi-
dites alone can be used to reconstruct a reliable slip history
of the Cascadia megathrust. Tsunami simulations reported
here provide an independent estimate of megathrust slip that
meet geological evidence for minimum limits on inundation
at Bradley Lake. Our model-constrained slip estimates for
southern Cascadia ruptures conflict with lower slip deficits
implied by most time intervals between Rogue Apron tur-
bidites (Figure 7) that have been interpreted by Goldfinger
et al. [2012] to record megathrust earthquakes. A number
of explanations could account for the discrepancy: (1) If all
southern Cascadia turbidites record great earthquakes on the
same megathrust slip patch, then the amount of coseismic
slip has varied from one earthquake to the next; (2) thinner
mud turbidites may record great earthquakes on patches of
the megathrust left unbroken by prior Cascadia earthquakes;
or (3) some turbidites may record processes other than rup-
ture of the megathrust (e.g., shallow earthquakes on crustal
faults or storms [e.g., Atwater and Griggs, 2012], although
Goldfinger et al. [2012] consider these alternatives unlikely).
Discriminating whether or not some of the thinner, mud tur-
bidites reflect sources other than the plate boundary will
require closer examination of the offshore record.

[45] If most or all of the turbidites in Rogue Apron record
megathrust ruptures, then our results imply that coseismic slip
is not simply equal to the slip deficit accumulated since the
previous earthquake (e.g., Figure 7). Simple time-predictable
or slip-predictable earthquake recurrence models [e.g.,
Shimazaki and Nakata, 1980] founded on the elastic rebound
theory [Reid, 1910] may be unreliable for the southern Cas-
cadia subduction zone, just as they have been shown to be
poor predictors of earthquake size for the southern San
Andreas fault [Weldon et al., 2004], the Velino-Magnola fault
in Central Italy [Schlagenhauf et al., 2011], the southern Chile
megathrust [Cisternas et al., 2005], and now for the Tohoku
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region of northeastern Japan. For example, paleoseismology
of the southern San Andreas fault reveals an earthquake his-
tory of long ruptures spanning hundreds of kilometers and
sequences of shorter, overlapping ruptures in short time
intervals, but no hiatus between earthquakes has lasted longer
than ~200 years [Weldon et al., 2005]. In central Italy, earth-
quake behavior of the Velino-Magnola fault is characterized
by long periods of seismic quiescence followed by bursts of
slip released during several earthquakes closely spaced in
time. Schlagenhauf et al. [2011] show how strain that accu-
mulated over a 4-5 ka-long period was released in a cluster of
3 large earthquakes in ~1 ka. And in southern Chile, along
the Rio Maullin, Cisternas et al. [2005] found evidence of
tectonic subsidence and tsunami inundation suggesting that
the giant 1960 Chile earthquake (M,, 9.5) released slip stored
since its 1575 predecessor of near equal size. In the inter-
vening time, two earthquakes in 1737 and 1837 left few traces
of subsidence or tsunamis in estuaries, implying the accumu-
lated strain was not completely released until 1960 [Cisternas
et al., 2005]. In these examples, earthquake recurrence inter-
vals fail to provide reliable estimates of slip deficits recovered
by fault rupture.

[46] Discrepancies between southern Oregon’s onshore
and offshore paleoseismological records may reflect variable
rupture behavior observed historically at other subduction
zones [e.g., Ando, 1975; Kanamori and McNally, 1982;
Thatcher, 1990]. Analogues arise in Schwartz’s [1999]
comparisons of the spatial distribution of moment release
for repeat ruptures of the same megathrust segment. Her
findings confirm that recurrence behaviors are often more
complex than simple characteristic rupture of long-lived
asperities. For example, the 1994 northern Honshu and 1995
Solomon Islands earthquakes ruptured areas left unbroken
by larger predecessors [Schwartz, 1999]. Whereas, the 1995
Kuril Islands and 1996 Aleutian Islands earthquakes rup-
tured parts of larger asperities involved in earlier larger
earthquakes.

[47] Along the Sunda megathrust two earthquakes in 2007
near the Mentawai Islands broke pieces of the giant 1833
rupture zone as revealed by geodetic surveys and coral
paleogeodesy revealing a heterogeneous pattern of seismic
coupling [Konca et al., 2008]. Sequences of great earth-
quakes on the Sunda megathrust have been described as
supercycles involving large partial failures that culminate in
great earthquakes [Sieh et al., 2008].

[48] Offshore Miyagi prefecture, Japan, a history of
repeated M 7+ earthquakes was used by Earthquake Research
Committee [2005] to predict that: “The probability of the
occurrence of another similar earthquake in the next 30 years is
99%.” However, examinations of original seismograms for
several Miyagi-Oki earthquakes in 1933, 1936, 1937, 1978,
and 2005 showed that the source regions of the events were
too different to justify the probabilistic forecast [Kanamori
et al., 2006). They also pointed out that the series of Miyagi
earthquakes accounted for just 1/4 of the plate convergence
rate for a part of the megathrust that later broke in the 2011
Tohoku-Oki My, 9 rupture.

[49] The size of the 2011 Tohoku-Oki earthquake and
tsunami exceeded the expectations of many [Monastersky,
2011; Normile, 2011]. Its magnitude surpassed seismic haz-
ard assessments [Earthquake Research Committee, 2005]
and model estimates of earthquake size along the Japan
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Trench [Satake et al., 2008] checked against written records
of tsunamis [lmamura, 1934] and tsunami deposits of the past
1500 years [Sawai et al., 2008]. Yet, evidence for the 869
Jogan tsunami, the predecessor of the Tohoku-Oki tsunami,
had been known from studies of tsunami deposits for some
time [4be et al., 1990; Minoura et al., 2001]. Variable rupture
behavior over successive seismic cycles has been invoked to
explain widespread tsunami deposits [Nanayama et al.,
2003] and evidence for transient uplift [Sawai et al., 2004]
along the coast of the Japanese island of Hokkaido that
overlies the Kuril subduction zone.

[s0] Lessons from Japan and other convergent margins
worldwide suggest that such variability is not exceptional for
megathrust earthquakes along subduction zones. Perhaps
some sequences of past Cascadia earthquakes have involved
ruptures of different patches of the megathrust, which over
multiple seismic cycles eventually fill in the seismogenic
area like pieces in a jigsaw puzzle. Other earthquakes may
have incompletely broken asperities that ruptured during
larger predecessors. In light of these possibilities, revisions
to Cascadia seismic and tsunami hazard assessments should
consider a broader range of rupture scenarios implied by
examples at other subduction zones and that are consistent
with Cascadia’s richly complex paleoseismological record.

7. Remaining Uncertainties

[51] The maximum slip during past earthquakes is
unknown and difficult to quantify. Tsunami deposits in
Bradley Lake provide only minimum estimates of inunda-
tion because sediment transported by wave currents may not
extend to the landward limit of runup and post-depositional
processes may erode or redeposit tsunami sediment, effec-
tively erasing signs of inundation. Thus, the constraints on
megathrust slip provided by tsunami simulations described
here are minimum estimates.

[52] The recurrence intervals used here are based on the
midpoint of the radiocarbon age range. Earthquake age
estimates have considerable 20 range of uncertainty,
including the unquantifiable uncertainty that the radiocarbon
data do not match the earthquake age. This uncertainty is
discussed but not quantified in most of the original pub-
lications we used. Goldfinger et al. [2012] attempt to con-
strain this uncertainty and its component elements. They
conclude that based on the statistical tests of fit of multiple
ages incorporated in OxCal, tests of accounting for erosion
and other errors against control sites, and opportunities for
independent checks on the methods that are provided by the
1906 San Andreas and AD 1700 Cascadia earthquakes, that
the turbidite ages are unlikely to differ greatly from the
earthquake ages. Thus we do not expect that the range of
formal uncertainties, and use of the midpoint ages to extract
recurrence intervals would be responsible for a systematic
bias or non-systematic errors in earthquake ages that would
significantly alter our conclusions.

[53] Although we have attempted to reconstruct plausible
models of the shoreline and coastal landscape that may have
been inundated by past tsunamis, the finite element grids
used in the tsunami model are probably very crude repre-
sentations of the evolving late Holocene coastal landscape at
Bradley Lake. In addition, unusual tides or extreme ocean
levels may have elevated or lowered some tsunamis.
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[s4] Like most hydrodynamic computer codes, the two-
dimensional, depth-integrated solutions used by the SELFE
code to simulate tsunami waves are simplifications of actual
tsunami flow dynamics. Furthermore, because the model
does not include realistic roughness parameters to account
for buildings, vegetation, or other terrain variations, simu-
lations of inundation over dry land may overestimate
flooding, and consequently, lead to an underestimation of
fault slip. More realistically accounting for the natural
roughness of the coastal landscape would likely require
higher coseismic slip to simulate tsunami inundation in
Bradley Lake.

8. Conclusions

[55] We estimate the minimum amount of megathrust slip
necessary to simulate earthquake deformation and tsunami
inundation that are compatible with tsunami deposits in
Bradley Lake, including evidence for the 1700 Cascadia tsu-
nami and 11 predecessors. Deformation modeling employs
three earthquake rupture scenarios: the first partitions slip onto
a shallow splay fault; the second distributes slip symmetrically
on the megathrust; and the third skews slip seaward. The tsu-
nami simulations use three finite element grids designed to
reconstruct (1) the configuration of the coastal landscape
and shoreline when the lake outlet was straighter than pres-
ent, (2) the topography in 1700 when the most recent Cas-
cadia tsunami reached the lake, and (3) conditions during
earlier tsunami episodes when the shoreline was probably
close to a sea cliff now buried beneath sand dunes. The
modeling also considers two tide levels: one consistent with
hindcast tidal models estimating the sea level in 1700, and
another equal to present mean higher high water. The higher
tide level abets a shoreline near the buried sea cliff intended
to simulate tsunamis that faced the fewest barriers to lake
inundation.

[s6] Tsunami simulations provide minimum constraints on
the amount of coseismic slip necessary to inundate Bradley
Lake considering a range of shoreline positions and three
earthquake rupture models. At least 15—-19 m of peak slip on
the megathrust is necessary to simulate lake inundation
using modern topography with a straight lake outlet, equiv-
alent to the release of strain accrued over 500—600 years at
the latitude of Bradley Lake. Simulations of the 1700 tsunami
consistent with paleoseismological data predict a minimum
slip of 12-13 m, equal to a slip deficit accrued over 360—
400 years of plate convergence. Minimum coseismic slip
during earlier tsunamis facing a shoreline closer to the lake
was probably >8-9 m, a slip deficit recovered after periods of
260-290 years. Seafloor deformation produced by Cascadia
ruptures with less than 8 m of slip probably produced tsunamis
with runups lower than the elevation of the lake outlet.

[57] Along the southern Cascadia subduction zone, deep-
sea turbidites from Hydrate Ridge and Rogue Apron have
been interpreted to record shaking during great earthquakes
on the Cascadia megathrust. Age estimates for the thickest
sandy turbidites correlate well with earthquake evidence at
many onshore sites, including Bradley Lake. Thinner, mud
turbidites are limited to offshore southern Cascadia and
occur more frequently than earthquakes inferred from
onshore evidence. However, simple coseismic slip budgets
derived from turbidite recurrence intervals are inconsistent
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with slip estimates constrained by Bradley Lake tsunami
deposits. If additional mud turbidites reflect Cascadia rup-
tures, then the lower bound of the slip budget suggests an
average of 5.2 m slip per earthquake at ~M,, 8.2-8.4,
depending on the rupture area. The origin and source of thin,
mud turbidites at Rogue Apron that lack reasonable corre-
latives in Bradley Lake’s tsunami record warrant further
examination. We propose that some mud turbidites may
record ruptures of megathrust patches left unbroken by giant
Cascadia subduction zone earthquakes accompanied by
tsunamis that inundated Bradley Lake, or they released
stored energy from previous seismic cycles. If all mud tur-
bidites at Hydrate Ridge and Rogue Apron reflect ruptures
of the underlying plate boundary, then their recurrence
intervals are poor predictors of coseismic slip because only
one-third of the intervals between turbidites imply coseismic
slip consistent with tsunami simulations.

[58] In summary, new constraints on coseismic slip
obtained from tsunami simulations constrained by geologi-
cal observations of tsunami inundation suggest considerable
heterogeneity in temporal and spatial rupture behavior of the
southern Cascadia megathrust. Such heterogeneity in Cas-
cadia, and that observed in other subduction settings, stress
the importance of using paleoseismological data in future
revisions of seismic and tsunami hazard assessments in
Cascadia and elsewhere.
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