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Three-dimensional dislocation model for great earthquakes
of the Cascadia subduction zone

P. Fluck * R. D. Hyndman,? and K. Wang
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Abstract. There have been no historical Cascadia great subduction thrust earthquakes, but there
is good recent evidence that very large earthquakes have occurred in the past and that strain is
building up toward a future great event. Geodetic measurements in the coastal region from
northern California to southern British Columbia show vertical and horizontal deformation as
expected for the strain accumulation of a locked thrust fault. The segment of the subduction
thrust that is locked and may rupture in future great events has previously been estimated through
two-dimensional (2-D) elastic dislocation modeling of interseismic deformation geodetic data. In
this study, a general 3-D dislocation model for thrust faults has been developed that
accommodates curved fault geometry and nonuniform interseismic locking or coseismic rupture.
The model is based on the surface deformation due to shear faulting in an elastic half space. The
3-D model of the Cascadia subduction zone calculates the surface deformation for a locked zone
or a rupture zone of variable width along the margin. The bend in the margin trend and
subducting slab end effects are included. There is a downdip transition zone between
interseismic completely locked and free slip portions of the fault or between coseismic full
rupture and no displacement. An initial 3-D model based upon 2-D dislocation models and upon
thermal constraints was adjusted to optimize the fit of the predicted interseismic surface
deformation to current deformation geodetic data. The best fit model has the thrust locked along
the whole margin with an average locked zone width of 60 km and a transition zone width of 60
km. The two zones lie mainly offshore beneath the continental shelf and slope. The locked and
transition zone widths vary smoothly along the margin, being greater off northern Washington
where the thrust dip is shallow and narrower off central Oregon. Assuming that the locked plus
transition zones approximate the maximum coseismic rupture area, these widths permit a M, =9

earthquake,

1. Introduction

The Cascadia continental margin along the southwest coast of
Canada and northwest coast of United States (Figure 1) shows
most of the features of active subduction zones; a chain of active
volcanoes (e.g., Mount St. Helens), Benioff-Wadati seismicity,
seismicity in the continental plate, typical gravity and heat flow
patterns, a deformed accretionary sedimentary prism, and current
vertical deformation and horizontal shortening across the coastal
region. A striking difference compared to most subduction zones
is the lack of historical great thrust earthquakes. However, clear
evidence has been found that great earthquakes have happened in
the past, prior to the first written records. The last event was
about 300 years ago, and the average time interval is about 500
years. The evidence includes buried coastal marsh deposits
indicating abrupt subsidence (sumnmary by Atwater et al. [1995]),
overlying sand sheets resulting from the associated great tsunami
waves, deep-sea turbidite layers resulting from continental slope
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landslides [Adams, 1990], and a tsunami recorded in Japan in the
year 1700 with probable Cascadia origin [Satake et al., 1996].

Important supporting evidence for the occurrence of great
earthquakes comes from geodetic data indicating ongoing elastic
strain buildup of the form expected for a locked subduction thrust
fault [e.g., Hyndman and Wang, 1995, and references therein].
During the interseismic period the interface between the
subducting slab and the overlying continental plate is locked and
strain accumulates. There is horizontal shortening across the
coastal region. The edge of the continent is dragged down, but an
upward flexural bulge forms landward. During a subduction
thrust earthquake the horizontal compression across the coastal
region relaxes and extends. The continental edge springs back
up, and the bulge built up during the interseismic period
collapses. The collapse of the bulge causes the abrupt subsidence
recorded in the Cascadia coastal marshes. The associated seafloor
displacement generates the large tsunami.

The location of the seismogenic source zone on the subduction
thrust fault, especially its distance from inland cities, is a critical
parameter for seismic risk analysis. The downdip width of the
Cascadia thrust locked zone has been estimated from
two-dimensional modeling of geodetic data [e.g., Savage et al.,
1991; Dragert et al., 1994; Hyndman and Wang, 1993, 1995].
A slip deficit is assumed on the locked portion of the thrust plane
at a rate equal to the plate convergence rate, which decreases
downdip through a transition zone to zero. This slip deficit
multiplied by the interseismic period between great events is
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Figure 1. The Cascadia subduction zone. The 3-D model locked and
transition zone widths shown shaded provide the best fit to the current
deformation data. The dashed lines show the previously estimated
widths based on a series of 2-D models.

assumed to equal the coseismic slip. Thus there is no cumulative
deformation through several model earthquake cycles, as is
approximately observed for the Cascadia margin [e.g., Kelsey et
al., 1994]. If a fraction of the fault slip takes place aseismically,
then the assumed coseismic fault slip must be reduced by that
amount. There are unresolved theoretical questions regarding
using an elastic dislocation model for interseismic deformation
[e.g., Wang, 1995, Douglass and Buffett, 1995, 1996; Savage,
1996]. Given the distribution of slip rates on the fault, this
kinematic model predicts surface deformation rates but does not
predict how the fault slip occurs. Models for the complete
earthquake cycle with a more realistic nonelastic rheology and
with time dependent deformation through the interseismic period
are needed [e.g., Savage and Thatcher, 1992, Wang et al., 1994],
but considerable work is still necessary for such models to be
realistic. However, for several regions the estimated width of
coseismic rupture corresponds well to the downdip width of the
locked zone from elastic dislocation modeling of interseismic
strain data. Comparisons are available for the Nankai margin of
southwest Japan [Hyndman et al., 1995] and several other
subduction zone margins that have experienced recorded great
earthquakes [e.g., Savage and Plafker, 1991; Oleskevich, 1996].
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Thus we take the downdip width of the locked zone (and the
transition zone if one is included), determined from dislocation
models of interseismic deformation data, to approximate the
maximum downdip rupture width in great earthquakes.

The downdip width of the locked seismogenic zones may be
controlled by several physical limits. For subduction of young
hot oceanic crust beneath continental crust the downdip limit
appears to be thermally controlled [e.g., Hyndman and Wang,
1993; Tichelaar and Ruff, 1993]. The temperature limit of
seismic slip for most crustal rocks is about 350°C from laboratory
data and from the maximum depth of continental crustal
earthquakes. Great earthquakes initiated at temperature less than
this limit may extend with decreasing offset through a transition
zone to a second downdip limit of about 450°C. At still greater
temperatures there is a rapid increase in instantaneous shear stress
in laboratory data, and the fault zone material is inferred to
behave plastically. For Cascadia [e.g., Hyndman and Wang,
1995] and SW Japan [Hyndman et al., 1995; Wang et al., 1995]
the downdip limits at these temperatures from thermal modeling
are in good agreement with the results of elastic dislocation
models constrained by geodetic data. For subduction beneath
oceanic crust the downdip limit may be the forearc Moho which
is aseismic because of the presence of mantle serpentinite
[Hyndman et al., 1997].

There also may be an updip limit to the seismogenic zone
commonly associated with the unconsolidated accretionary prism
sediments [e.g., Byrne et al., 1988]. This limit has been
associated with the presence of stable sliding clays in the fault
zone by Vrolijk [1990] and Hyndman et al. [1997]; such clays
dehydrate at 100-150°C . The initial thrust temperatures on the
Cascadia margin are unusually high, over 200°C, because of the
young oceanic plate age and thick insulating sediment cover on
the incoming oceanic crust. Thus, if the 100-150°C temperature
limit applies, the seaward boundary of the Cascadia seismogenic
zone is at the axis of subduction located at the base of the
continental slope, and there is no significant updip aseismic zone.
If there are only low concentrations of clay, as is the case for
much of the Cascadia accretionary prism [e.g., Westbrook et al.,
1994], then there may be no updip aseismic slip zone regardless
of the temperature. However, the situation is complicated by the
presence of very high pore fluid pressures on the fault [e.g.,
Hyndman et al., 1994], by the low strength of the unconsolidated
seaward prism sediments, and by convergence being
accommodated through the bulk deformation shortening of the
seaward portion of the prism.

2. Three-Dimensional Dislocation Model

Two-dimensional (2-D) dislocation models [e.g., Savage,
1983] have previously been used to model the surface
deformation associated with the locked Cascadia subduction
thrust [Savage et al., 1991; Hyndman and Wang, 1993, 1995;
Dragert et al., 1994; Dragert and Hyndman, 1995]. The data for
model constraint come from long-term tide gauges, repeated
precision leveling surveys, laser trilateration surveys, repeated
precision gravity measurements, and continuous and repeated
Global Positioning System (GPS) surveys. Although of variable
type and quality, the Cascadia subduction zone has one of the
best defined patterns of interseismic deformation. Deformation
data are distributed along the whole margin from Vancouver
Island to northern California. A single model, with smooth
variation of the locked and transition zone widths along the
margin, has predicted surface deformations that fit all of the
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available geodetic data within the data uncertainties [Hyndman
and Wang, 1995].

Verdonck [1995] developed a simple planar rectangular 3-D
model with a downdip transition zone for the southern part of the
Cascadia subduction zone. Away from the northern and southern
ends, the model deformation is similar to that for the 2-D models,
and the predicted deformation is in good agreement with data
from northern California and southern Oregon. However, this
model cannot be applied to a curved subduction zone such as at
northern Cascadia or to locked and transition zones that vary in
width along the margin. To allow for more complex three-
dimensional fault planes, we have developed a general 3-D
model. For Cascadia we require the effects on the earthquake
cycle deformation of (1) the comner or bend in the subduction
zone, (2) locked and transition zone downdip widths that vary
along the margin, and (3) the north and south subducting plate
edges.

Our three-dimensional dislocation model is based on the point
source solution by Okada [1985]. Only an outline is given here.
More details are given by Fliick [1996], and the computer routine
is available from the authors. To obtain the deformation at each
location on the surface, point source dislocations are numerically
integrated over the fault plane. For numerical integration the
fault plane is divided into a number of planar triangular elements
each having an area sufficiently small to approximate a point
source located at its center of mass. The solution for deformation
at a surface observation point is obtained by summation of the
point source solutions over all triangular elements. Any fault
geometry and nonuniform slip distributions on the fault can be
approximated. For example, the transition zone was modeled by
a linear downdip change in dislocation magnitude on the triangle
elements.

The computation procedure was first tested by comparison
with the analytical solution for a rectangular fault by Okada
[1985]. This comparison also provided an indication of the
maximum size of triangle that gives adequate numerical accuracy
while minimizing computing time. The 3-D model deformation
was obtained for a test rectangular dislocation 200 km along
strike by 50 km downdip and with a 12° dip starting from a depth
of 2 km. For 20,000 triangles of size 0.5 km? the 1esults are
indistinguishable from the analytical solution. The triangle size
is particularly important if the fault plane reaches near to the
surface. The 3-D solution for a rectangular fault that is very long
along strike also reproduces 2-D model results. A detailed
analysis examining the effects of varying the main computational
parameters is given by Fliick [1996].

3. Model of Cascadia Subduction Thrust Fault
3.1 Geometry of Subduction Thrust Fault

The 3-D model for the Cascadia subduction zone requires
well-defined spatial geometry for the subduction thrust fault. We
have assumed that the fault is at the top of the underthrusting
Juan de Fuca plate. Near the trench the thrust detachment may be
within the accretionary sedimentary prism several hundred meters
above the top of the oceanic crust. However, this has little effect
on the model surface deformation except seaward near the base of
the continental slope, where the exact fault position is important
for tsunami generation. In this study we have used the thrust
plane constraints compiled by Hyndman and Wang [1995]
updated with a few additional data. The depth contour lines have
been defined by Benioff-Wadati seismicity, seismic reflection,
seismic refraction, teleseismic waveform analysis and seismic
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tomography. Extensive seismicity data are available for British
Columbia, Washington, and northemmost California, but there
are very few data for Oregon. Benioff-Wadati earthquake
hypocenters are restricted to a thin core within the young and thin
downgoing plate, and we have assumed that the center of the
seismicity is 10 km deeper than the top of the plate. For this work
the thrust geometry to about 30 km depth is important, where the
thrust fault is locked and will rupture in future great earthquakes.
The model fault extends to 50 km depth. The updip end of the
subduction thrust is taken to be at the base of the continental
slope where the first sediment deformation occurs, as estimated
from bathymetry and seismic reflection data. Models for the
seaward most part of the thrust that affe is tsunami generation are
discussed in Section 5. Figure 2 shows the contour lines of the
subducting slab; the lines are solid are where the depths are well
constrained and dashed where the depths are poorly constrained.

For the Vancouver Island margin the top of the downgoing
plate is well defined from the multichannel seismic reflection and
refraction data to a depth of about 30 km [Green et al., 1990;
Hyndman et al., 1990; Spence et al., 1991; Hyndman et al.,
1994; Hyndman, 1995]. The reflection thrust profile is in good
agreement with the depths of Benioff-Wadati earthquakes
[Rogers, 1994] and with the position of the downgoing plate from
receiver function analyses of teleseismic broadband data [Cassidy
and Ellis, 1993; Cassidy, 1995; Bostock and Van Decar, 1995].
For the Washington margin the depth of the seaward part of the
slab is constrained by seismic reflection data [e.g., Snavely,
1987], but the depth farther landward is mainly from the strong
Benioff-Wadati seismicity. The earthquake hypocenters and
receiver function studies of teleseismic converted P-S waves
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Figure 2. Contours of Cascadia subduction thrust fault depth from
seismic reflection and refraction, Benioff-Wadai seismicity, teleseismic
waveform analysis, and seismic tomography. Triangles, arc volcano
centers; solid lines, depths well constrained; dashed lines, depths poorly
constrained.
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define the subducting plate depths well between 20 and 60 km
[Crosson and Owens, 1987]. Other interpretations of the
seismicity give similar results [Taber and Lewis, 1986; Weaver
and Baker, 1988, Rieken and Thiessen, 1992], as do other
teleseismic waveform analyses [Owens et al., 1988; Rasmussen
and Humphreys, 1988; Lapp et al., 1990]. For the mid-Oregon
margin there is almost no Benioff-Wadati seismicity, but seismic
reflection and refraction data provide constraints to 50 km
[MacKay et al., 1992; Trehu et al., 1994]. Nabelek et al. [1996]
also provided receiver function analyses of teleseismic data that
define a nearly identical position for the top of the subducting
plate. The geometry of the thrust at the southern end of the
Cascadia subduction zone is defined from the Benioff-Wadati
seismicity [Jachens and Griscom, 1983;, Smith et al., 1993; Wang
and Rogers, 1994] and seismic reflection and refraction data
[Trehu et al., 1995], although there is some uncertainty in the
relation of seismicity to the thrust plane near the southern end of
the subduction zone.

We estimate that the contour map of the subduction thrust has
an uncertainty of £0.5 km at the seaward end, increasing to about
+5 km for depths of 50 km. Where the geometry is complex, at
the north and south ends and at the margin corner, quite good
data are available. There are no breaks or abrupt bends in the
plate parallel to the margin evident in the data. The expected
plate flattening at the margin corner of the Olympic Peninsula is
well defined, but the plate appears to steepen at greater depths.

3.2 Plate Convergence Rate and Direction

Additional important factors in the dislocation model are the
direction and magnitude of plate convergence. In the interseismic
period between great events the plate convergence defines the
dislocation rate at each model point (triangle element). In the
model the amount and direction of coseismic slip in a great
earthquake are the plate convergence multiplied by the average
time between successive events. The current Juan de Fuca plate
convergence rate and direction vary by relatively small amounts
along the margin. Riddihough [1984] estimated a decrease from
southern Vancouver Island to Cape Blanco off southern Oregon
from 47 to 37 mm yr'!. DeMets et al. [1990, 1994] estimated a
slightly slower present convergence rate of 42 mm yr”! and a
more clockwise (N69°E) convergence direction for the
Washington margin. In the model the slip is taken to be 42 mm
yr! at an azimuth of 69°. Subduction is slightly more oblique in
the southernmost portion of the region because of the rotation of
the Juan de Fuca plate [Wilson, 1993]. In the transition zone the
model rate decreases downdip linearly to zero. A series of test
models has shown that small changes in slip rate of a few
millimeters per year and in slip direction of a few degrees have an
insignificant effect on the predicted surface deformations, so
variations along the margin have been ignored.

The convergence rate and direction off northern California
(Gorda Plate) and off northern Vancouver Island north of the
Nootka transform fault (Explorer Plate) are not well known. In
both areas the oceanic plate appears to be breaking up and the
tectonic regime is complex [e.g., Riddihough, 1980, Wilson,
1989, 1993; Rohr and Furlong, 1995, R. Govers et al., The
Explorer region: A case study of the dynamics of subduction-
spreading-transform triple junction, submitted to Journal of
Geophysical Research, 1996]. We have included northern
California (Gorda Plate) in the model because there are geodetic
data indicating convergence. We have excluded northem
Vancouver Island (Explorer Plate). Riddihough [1984] estimated
convergence in a northeasterly direction for the Explorer Plate at
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arate about half that of the Juan de Fuca Plate. However, Rohr
and Furlong [1995] presented evidence that a broad fault zone
has broken through the Explorer Plate very recently so that there
is little or no present convergence. As yet there are no adequate
geodetic data to test this latter hypothesis.

4. Three-Dimensional Dislocation Model
of the Cascadia Seismogenic Zone

The downdip extent of the Cascadia locked seismogenic zone
has been estimated using the 3-D model. The thrust fault area,
fault dislocation direction, and dislocation magnitude were
assigned as described above. The updip limit of the locked zone
is taken to be at the base of the continental slope (trench); thus
the main remaining model variables are the downdip limits of the
locked and transition zones. The best constraint on the width of
the transition versus the width of the locked zone is the amplitude
of the peak vertical deformation; the wider the transition zone, the
lower and broader the peak uplift. However, the relative widths
of the locked and transition zones are not well constrained
separately with the available geodetic data. For most of the
region where data are available there is very little difference in the
vertical deformation predicted by models with a transition zone
and those with no transition zone but with the fully locked zone
extended downdip by half the width of the transition zone (e.g.,
discussion by Dragert et al. [1994]). The leveling profiles that
do extend seaward of the uplift peak are linked short lines and
thus of low quality (located in Washington, to the north and south
of the Olympic Peninsula), but they show the peak amplitude
expected for a transition zone width comparable to that of the
locked zone (see below). We have followed Hyndman and Wang
[1995], who took the locked and transition zones to be of equal
width based primarily on thermal constraints.

The starting 3-D model is a smooth interpolation of the 2-D
model locked and transition zones of Hyndman and Wang [1995]
(Figure 1). Based on the conclusion that the seismogenic zone is
thermally limited and that the thermal regime is unlikely to
change over short distances, we have taken the smoothest locked
and transition zones along the margin that fit the deformation
data. More complex models that have rapid variations in widths
along the margin are allowed but are not required by the data.
More complex models can be easily handled by our 3-D
dislocation computation procedure as more data become available.
Since we conclude that the downdip limits of the seismogenic
zone are thermally controlled, the limits depend mainly on the
fault depth. Where the dip is shallower, the critical temperatures
are reached farther landward, and the locked and transition zones
are wider. Consequently, the zones are wider in the comer of the
Olympic Peninsula where the dip is shallower compared to the
north and south.

4.1. Thrust Plane Approximation

In the model the medium is a uniform elastic half-space with
a flat upper surface. Although the real structure (Figure 3a)
cannot be represented accurately by an elastic half-space, Figure
3b shows a better approximation than taking sea level as the
half-space surface. First, we have approximated the subduction
thrust plane section by smooth downdip profiles for the depth
range of the locked and transition zones. Second, the model fault
is raised to approximate the depth below a smoothed
representation of the seafloor and land surface. The depth below
the free surface and the dip angle relative to the free surface,
which is ground surface on land and the seafloor offshore, are
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Figure 3. The Cascadia subduction thrust locked and transition zones. (a) Example cross section with actual geometry, (b)
geometry approximation used in 3-D dislocation model that corrects for surface topography, and (c) three-dimensional view of
the locked and transition zones (view from southeast; 2.5:1 vertical exaggeration).

then correct. We modify the fault dip angle to satisfy the fault
depth below the seafloor because what is important is the dip
angle relative to the free surface, not the angle relative to sea
level. Given the half-space model constraint that the upper
surface must be flat, this provides the best approximation.

The initial fault grid has 128 points and 105 quadrilateral
elements (Figure 3c), defined by the trench, the downdip edge of
the locked zone, and the downdip edge of the transition zone. A
denser grid was created by dividing each quadrilateral element
into 1000 approximately equally sized triangular elements. There
are then 53,321 nodal points and 105,000 triangles
approximating the fault plane. The triangle sizes increase
downdip from less than 0.5 km? at the trench updip edge.

4.2. Three-Dimensional Model Results

The 3-D model vertical and horizontal interseismic
deformation patterns for the whole Cascadia subduction zone are
shown as contours in Figure 4. The maximum coseismic
deformations are given by these rates times the interseismic strain
accumulation period, i.e., approximately times 500 years. The
interseismic uplift pattern of Figure 4 reaches slightly higher
values at the north and south ends where the locked and
transition zones are narrower. The uplift is broader and slightly
lower in the middle at the comer of the subduction zone where
the zones are wider. The updip region near the trench, which is
important for tsunami generation, is discussed in Section 5.

Figure 4 shows vectors and contours representing interseismic
horizontal velocity and direction. Again, the maximum coseismic
displacements are given by these contours times the interseismic
period. The magnitude of horizontal motion decreases landward
from the trench. At the margin comer the vectors deviate slightly
away from the comner, especially inland of the coast. Figure 5a
shows the 3-D model interseismic uplift for three profiles
perpendicular to the margin (locations in Figure 4). The model
widths range from about 35 + 35 km for the Oregon profile, 50 +
50 km for the Vancouver Island profile, and 100 + 100 km for the
northern Washington (Olympic Peninsula) profile.

4.3. Comparison of Interseismic Model Results
With Current Deformation Data

As discussed above, the deformation between great
carthquakes involves complex processes including viscoelastic
components. However, with the following assumptions, elastic
dislocation models are a useful approximation for comparison
with observed deformation during the interseismic period (see
discussion above):

1. Earthquake cycles can be approximated by elastic behavior.

2. There is no net permanent deformation through a complete
cycle of strain buildup and earthquake release.

3. Surface deformation depends directly upon convergence
velocity and thus slip rate on the deeper aseismic part of the
subduction thrust fault.
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Figure 4. (left) Contours of interseismic uplift rates (mm/yr) predicted by the 3-D dislocation model. (right) Vector directions
and contours of magnitude of horizontal velocity (mm/yr). The arrow lengths are proportional to the rate at their origin points.
The locations of the groups of leveling lines and tide gauges of Figure 5 are shown as S. Van. Is., N. Wash., and Oregon.

4. The interseismic slip velocity in the locked zone is zero,
increasing landward in the transition zone to the full plate
convergence rate.

5. The surface deformation rate is constant at the present rate
through the interseismic period (except for a transient lasting a
few years after great earthquakes).

6. Locked and transition zone areas do not change through the
interseismic period.

The vertical and horizontal current deformation data available
for comparison with the Cascadia dislocation model have been
described by Hyndman and Wang [1995] and others, and only a
brief summary is given here. An important advantage of the 3-D
model is that the deformation is predicted for all points. It is not
necessary to project the data onto model profiles across the
margin. For vertical deformation, the data include repeated
leveling [Ando and Balazs, 1979; Reilinger and Adams, 1982,
Dragert and Lisowski, 1990, Holdahl et al., 1989; Dragert et al.,
1994; Mitchell et al., 1994], repeated gravity [Dragert et al.,
1994], long-term trends in tide gauge data [Savage et al., 1991,
Riddihough, 1982; Clague et al., 1982; Holdahl et al., 1989,
Dragert et al., 1994; Mitchell et al., 1994], and vertical Global
Positioning System (GPS) [Dragert and Hyndman, 1995]. For
horizontal deformation, the data include triangulation-trilateration

laser ranging [Lisowski et al., 1989; Dragert and Lisowski, 1990,
Savage et al., 1981, 1991; Snay and Matsikari, 1991; Dragert et
al., 1994] and continuous GPS recording stations {Dragert and
Hyndman, 1995; Henton et al., 1997]. All data have been used
to estimate the best locked and transition zone widths along the
margin. However, for presentation, we give a selection of the
better data from the compilation by Hyndman and Wang [1995).
The vertical data on profiles roughly perpendicular to the margin
have been combined into three groups representing southern
Vancouver Island, northern Washington, and central Oregon
(Figure 5a) (see Mitchell et al. [1994] and Hyndman and Wang
[1995] for line locations and data details). Some of the
three-dimensional character of the data is thus lost in this
presentation, but the three-dimensional variations have been used
in the model constraint.

The linked leveling lines lying approximately along the coast
are also presented [Mitchell et al., 1994] (Figure 5b). These data
provide an important constraint to the 3-D model, but
unfortunately, these leveling data have a large uncertainty. Error
propagation along the lines is such that they must be tied to tide
gauge data to constrain the long spatial wavelength trends. The
revision to the tide gauge interpretation on the coast of central
Washington by Hyndman and Wang [1995] is assumed; there is
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Figure S. Uplift data compared to predictions from 3-D model. (a) Leveling and tide gauge data in the region of three profiles
across the margin. The dashed lines are the 2-D results of Hyndnian and Wang [1995]. The data locations are shown in Figure
4. (b) Linked leveling lines that run approximately along the coast and associated tide gauge sites (data modified from Mifchell

et al. [1994]).

an especially large uncertainty on this portion of the profile.
Continuous recording GPS horizontal data for stations across the
Vancouver Island margin are also presented, updated and
extended from Dragert and Hyndman [1995] (H. Dragert and J.
Henton, personal communication, 1996] (Figure 6).

The locked and transition zones based on previous 2-D model
results [after Hyndman and Wang, 1995] and the refined 3-D
model results that best fit the current deformation data are shown
in Figure 1. The changes are small; the new best fitting model
has slightly narrower zones off central Oregon and slightly wider
off southern Vancouver Island compared to the previous model.

5. Three-Dimensional Dislocation Model of
Coseismic Deformation and Tsunami Generation

5.1 Coseismic Deformation

There are no historical records of great earthquakes on the
Cascadia subduction zone. Thus coseismic deformation and the
tsunami generation must be estimated from (1) paleoseismicity
data of coastal downdrop, (2) paleotsunami data of wave runup
effects, and (3) models of coseismic seafloor deformation.
Historical records in Japan of the waves generated by the last
great Cascadia earthquake [Satake et al., 1996] also provide a
constraint. In this study we estimate the seafloor coseismic
displacement from the 3-D elastic dislocation models, assuming
that the thrust fault rupture area is the same as the interseismic

locked (and transition) zone, i.e., all of the locked and transition
zone rupture in a single event. The estimated coseismic rupture
also provides information on the abrupt coastal subsidence which
is an important hazard, and for models of the ground motion
generated by the earthquake.

We have estimated the coseismic deformation (Figure 4) from
the interseismic locked zone models with the following
assumptions: (1) There is no net deformation over a great
earthquake cycle, (2) the interseismic plate convergence and
strain accumulation are constant over time, (3) the last great
earthquake released all the elastic strain accurmulated in the
preceding interseismic period, (4) the coseismic slip is the
negative product of plate convergence rate and the interval
between two great earthquakes, and (5) there is total rupture of
the locked zone (and transition zone with displacement
decreasing downdip) along the whole Cascadia margin.

5.2. Comparison With Paleoseismicity Subsidence Data

The coseismic subsidence from the 3-D model may be
compared to that estimated from buried coastal marsh data and
other indicators of coseismic coastal subsidence. Assuming that
the most recent great earthquake released all of the elastic strain
accumulated as a result of plate convergence in the preceding
interseismic period, the expected coseismic subsidence equals the
mean model uplift rate times the interseismic period. Table 1
gives the inferred subsidence for an average interseismic period
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Figure 6. Horizontal velocities from 3-D model compared with the
measured values from continuous GPS data at two sites ALBH and
UCLU, relative to inland site DRAO (data from Henton et al. [1997]).
The model values are thick shaded arrows; the measured values are thin
arrows with 95% uncertainties.

of 500 years. The most recent event was about 300 years ago, and
the previous clear event was over 900 years ago according to
coastal data [e.g., Atwater et al., 1995] for an interval of 600-700
years. There is evidence for an intermediate event about 690
years ago (390 year interval) in the deep sea turbidite data
[Adams, 1990] and there is some limited evidence in the coastal
marsh data [Clague and Bobrowsky, 1994]. For much of the
coast the present uplift rate is 3-4 mm yr! so the longer interval
gives a subsidence of about 1.8-2.8 m. If an intermediate event
occurred, the predicted coseismic subsidence will be 1.2-1.6 m.
For the coast of central Oregon where the present model uplift
rate is about 1 mm yr” the predicted coseismic subsidence is 0.6-
0.7 m for the longer interseismic interval and 0.4 m for the shorter
interval. These subsidence values are slightly larger but similar
to those inferred from coastal data, with the smallest subsidence
on the central Oregon coas. and larger values to the north and
south.

The coseismic coastal subsidence may be estimated from the
depth interval between the present coastal marsh surface (present
sea level) and the previous marsh top (sea level prior to the
event), allowing for three factors: (1) The earthquake cycle
interseismic uplift since the last event, (2) the global eustatic sea
level rise since the last event, and (3) the postglacial rebound
since the last event. An initial estimate by Hyndman and Wang
[1995] of these corrections gives general agreement with the
vertical interval between the present and next previous marsh. An
improved estimate is available from analysis of paleoenvironment
indicators of water depth above and below coastal marsh
sequences buried by the last great event [e.g., Atwater et al.,
1995; Guibault et al., 1996]. The water depth contrasts are
mostly somewhat smaller but are in approximate agreement with
the dislocation model predictions for the most recent event. For
example, Guibault et al. [1996] found the difference to lie
between 0.2 and 1.0 m for the west coast of Vancouver Island
where the dislocation model predicts 1.2-1.6 m. This comparison
is an important direction for further study.
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5.3. Updip Fault Geometry and Tsunami Generation

The tsunami generated by a great earthquake is strongly
dependent upon the updip geometry of the subduction thrust fault
near the toe of the accretionary prism. In tsunami modeling, the
coseismic displacement of the water surface is the important
source function. This sea surface displacement is approximately
the same as the coseismic deformation of the seafloor [e.g., Priest,
1995; Geist and Yoshioka, 1996]. The effect of horizontal
displacement can usually be neglected, except for a tsunami
source on a steep slope and for a horizontal deformation
component that is large relative to the vertical component
[Tanioka and Satake, 1996]. Tsunami generation from Cascadia
great earthquakes is limited mainly to the region over the
continental slope where the seafloor gradient is quite low, and
thus the vertical deformation probably dominates. For the
simplest geometry in the 3-D model, full rupture extends updip to
the seafloor. The coseismic seafloor displacements were
determined for five alternative fault geometries and slip
distributions that might better approximate shallow coseismic
rupture (Figure 7). In each case the downdip limits of the locked
and transition zones vary along the margin as in the simple model.

The fault slip distribution in Figure 7a is the same as the model
used for estimating the interseismic deformation on land; the full
coseismic slip is 21 m, and the downdip transition zone has slip
that decreases downdip from 21 m to O m. The fault slip in
Figure 7b has an updip transition zone with a width that is 20%
of the full rupture downdip width. This approximation recognizes
that near the trench much of the convergence is accommodated by
shortening of the accretionary prism sediments rather than slip on
the subduction thrust. The relatively unconsolidated sediments
at the seaward portion of the accretionary prism also may not
allow slip on the fault at seismic rupture speeds. The fault slip
distributions in Figures 7¢, 7d, and 7e allow for the listric
geometry of the frontal thrusts that rise to the seafloor at the base
of the continental slope in many multichannel seismic reflection
lines [e.g., Davis and Hyndman, 1989; MacKay et al., 1992].
The updip region of the deformation front is actually complex and
highly variable along the margin. In different areas, shortening
is accommodated by landward dipping listric faults, seaward
dipping thrusts, folds, and pervasive bulk shortening. For the
fault geometry in Figure 7c, rupture propagates with full slip
along the listric fault to the surface at the trench. The fault
geometry in Figure 7d has a transition in slip in the listric portion
from 21 m to O m. For the fault geometry in Figure 7¢ the
transition in slip is over the updip 20% of the area of full rupture

Table 1. Coseismic Deformation From 3-D Model for Major
Cities and Coastal Sites Along the Cascadia Margin

Horizontal
Displacement,  Azimuth, Subsidence,

Location m deg m
Vancouver 1.0 236 0.01
Victoria 22 240 0.21
Seattle 14 255 0.05
Portland 1.2 264 0.05
Tofino (TO) 54 242 1.9
Neah Bay (NB) 6.1 244 2.0
Astoria (AS) 43 259 1.2
Charleston (CH) 58 252 23
Crescent City 53 252 22

Comoplete release of the strain built up during an interseismic period of
500 years is assumed.
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Figure 7. (a)(e) Updip slip distributions for different models to examine
the effect on seafloor deformation and thus coseismic tsunami
generation. The solid lines represent areas of full slip, and the dashed
lines are zones of transition from full to zero slip. (f) The fault geometry.

in the fault of Figure 7a. The geometry of the listric fault is taken
from one portion of the margin where it is approximated by a
circle with a radius of 16 km tangent to the deeper fault plane
[e.g., Davis and Hyndman, 1989].

Because these fault models reach the surface, the triangle
element size must be smaller than for the deeper part of the fault
to allow accurate numerical integration. A triangle size of 0.03
km? was used, requiring 340,800 triangles in the listric portion.
The vertical uplift with distance over the first 50 km landward
from the trench is given for Vancouver Island (where widths are
60 + 60 km), Washington (100 + 100) and Oregon (40 + 40) in
Figure 8. In all cases the uplift landward of about 30 km from the
trench is unaffected by variations in seaward geometry. Farther
landward the uplift is as previously given in Figure 4 for the
Figure 7a geometry. The model in Figure 7c has a singularity in
uplift and has the narrowest uplift because full rupture comes to
the surface. For the models in Figures 7d, 7a, and 7b the peak
uplift moves progressively landward with transition zones that are
successively wider. The double peak for the fault slip in Figure
7e applied to the Washington profile is caused by the change in
slip gradient for the two parts of the updip transition zone. The
scenarios given show a range of possible vertical deformation of
the seafloor and thus of displacement of the water surface that
may be used for tsunami modeling.
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6. Discussion

The differences between the predicted pattern of surface
deformation for the three dimensional slip in the Cascadia
subduction zone, compared to those from a series of 2-D models
spaced along the margin, are relatively small. In detail, the 3-D
model provides more accurate deformation estimates in the
margin corner and gives predicted patterns of deformation at the
north and south ends of the subduction zone. The influence of
the locked thrust fault extends only about 20 km from the north
and south ends of the subducting plate. An important value of the
three dimensional model is that it allows comparison of geodetic
data with model predictions at any point along the margin,
without projection onto two-dimensional profiles.

A single 3-D model with a smooth variation along the margin
in locked and transition zone widths fits most of the available
current deformation data, both vertical and horizontal, within the

A. Vancouver Island |
60 + 60 km

B. Washington
100 + 100 km

Coseismic uplift (m)

C. Oregon .
40 + 40 km

10 20 30 40 50 60
Distance from trench (km)

-10 0

Figure 8. Predicted vertical coseismic deformation in the deformation
front region for three profiles across the margin. The fault geometry is
shown in Figure 7f and slip models are shown in Figures 7a-7e.
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data uncertainties. A gap in the locked zone and thus a
separation into a northern and southern part, a model examined
by several authors [e.g., Mitchell et al., 1994, Verdonck, 1995],
is not needed to fit the available geodetic data. However, more
complex locked and transition zones are not excluded.

There is a general correspondence between the pattern of
coseismic subsidence along the coast and that estimated from
coastal marsh paleoseismicity data. The dislocation model
predicted subsidence for the most recent event (year 1700)
ranges from about 0.5 m (central Oregon) to 2 m (Washington).
These are similar to the subsidence inferred from coastal studies,
i.e., least for central Oregon and most for northern Washington
and southemn Vancouver Island. However, the paleoseismicity
data are not yet sufficiently quantitative to make an accurate
comparison along the whole margin. This comparison is an
important area for future work.

The poorly known slip geometry and coseismic slip
distribution at the toe of the rupture zone reduce the precision of
tsunami modeling. Sediment deformation may also be important
near the toe of the deformation front.

With the new 3-D model routine the errors in modeled surface
deformation due to inaccuracies in defining the fault dislocation
are probably insignificant, and further efforts in elastic modeling
will give small improvement. A significant improvement in
modeling interseismic deformation requires a more realistic
viscoelastic rheology. The variation in deformation rate through
the interseismic period has yet to be monitored adequately, and
the role of creep through the interseismic period is as yet
unknown. The theoretical problems with our modeling of the
coseismic deformation are less severe than for the interseismic
period, but the "coseismic" deformation may result from slip at a
range of timescales from rapid seismic rupture to slip over times
of days to years. Our models provide no information on the
dynamics of coseismic slip which are important to seismic wave
and tsunami generation. Also, the degree to which the true
rupture slip follows the simple theoretical coseismic slip
distribution is unknown. Even if most of the fault zone ruptures
in each great event, there may be more slip in one area for one
earthquake, and more slip in a different area for a second event,
such that the long-term multievent average is the same. There is
evidence from southwest Japan that the coseismic rupture area in
great events is reasonably approximated by the interseismic
locked and transition zones from elastic dislocation modeling.
However, the accuracy and consistency of this correlation among
many great events need to be determined more accurately.

Based upon our model results, the moment magnitude for a
great Cascadia earthquake is M,=9.2 assuming there is complete
rupture along the whole margin, as discussed by Hyndman and
Wang [1995]. This result confirms that, like the Alaska and
Chile plate margins, great subduction earthquakes will occur on
the Cascadia margin.
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