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PANGA velocity solution. While the euler pole changes

among solutions, the residual field of stations used in the plate

definition is robust and is stable well within the 95% confi­

dence interval.

3.2. Signature of Convergence Direction and
Magnitude

Juan de Fuca plate magnetic anomalies [Riddihough, 1984;

Wilson, 1993] and global plate circuits [DeMets et al., 1994]

yield several million year averages of plate convergence his­

tory, although recent revision in the Pacific-North America

euler pole [DeMets and Dixon, 1999] implies important

changes to Juan de Fuca-North America convergence (Figure 2

and Table I). Propagating the revised Pacific-North America

euler pole [DeMets and Dixon, 1999] through the Juan de Fuca

plate [Wilson, 1993] yields a new set of Juan de Fuca-North

America convergence rates and directions (Table I and Figure

2). The new pole yields orthogonal convergence along the

northern Cascadia margin, in Canada, consistent with the con­

vergence direction inferred from GPS results along that part of

the margin [Henton et al., 1998]. This convergence-parallel

component of velocity decays markedly with distance from the

coast, consistent with the predictions of elastic dislocation

due to coupling along the subduction zone (Figure 4). To the

south of the international boundary, more highly oblique pre­

dicted convergence occurs along the northerly striking mar­

gin. As a consequence, the model attributes a greater propor­

tion of the north component of GPS velocities to interseismic

elastic strain accumulation (Figure 5). The northward compo­

nent is partially restored by adding forearc motion into the

model, but the along-strike rotation persists. Recent disloca­

tion models based on spatially denser but geographically re­

stricted networks indicate misfit to a pure subduction model

[e.g., Khazaradze et al., 1999; McCaffrey et al., 2000; Savage

et al., 2000]. The strong effects of forearc migration accom­

pany subduction zone coupling along the coast from Washing­

ton to southern Oregon (Plate I). In southern Oregon and

northern California, the south Gorda plate actively deforms

and the elastic model is consequently weak.

3.3. Geologic Deformation Within the North
America Plate

Active deformation zones transect the Pacific Northwest

separating stable crustal blocks and feeding dextral shear from

the continental interior back out to the plate margin (Figure I)

[Pezzopane and Weldon, 1993], which has resulted in rotation

of blocks within the forearc [England and Wells, 1991]. Tec­

tonically active regions of faulting within the forearc, are, and

back arc separate more stable crustal blocks and partition de­

formation. Most crustal faults accommodate directed north­

south deformation or, in the south, dextral northwest-directed

slip that reflects a relationship to Pacific-North America mo­

tion (Figure 1). For instance, the Eastern California shear

zone and Walker Lane ultimately feed slip into seismically and

tectonically active regions in the Pacific Northwest (Figures I

and 6).

3.3.1. Pattern and magnitude of forearc defof·
mation. When corrected for the coupling effects of the

megathrust, described above, the velocity field can also be

used to evaluate long term or permanent deformation rates

(Figure 5). To first order the residual velocity field approxi·

mates the permanent deformation field yet also may include
possible elastic effects of smaller crustal faults as well as any

misfit of the subduction zone model.

North of the international border the GPS observations are

largely explained by subduction zone coupling. Nominal reo

sidual velocities, systematically directed to the northeast,

span the region as far east as Penticton (DRAO, Figure 5) and

cannot be attributed to purely elastic coupling as they lack a
gradient related to distance from the fault. The northward com·

ponent of velocity abruptly increases across northwestern

Washington, implying a marked strain gradient within the

Washington forearc. The monotonic increase to 7 mm/yr in

southern Washington implies commensurate crustal shorten·

ing. The pattern indicates north-south directed contraction

within the forearc. Young marine strata off the coast of Wash·

ington show evidence of north-south directed folding and fault·

ing [McCrory, 1996]. Young, east-west striking reverse faults

within densely populated regions of Puget Sound, such as the

Seattle fault, Whidbey Island fault, and the Toe Jam fault, ac·

commodate an important part of this contraction budget

[Johnson et al., 1996]. The Seattle fault was likely responsi­

ble for an earthquake with fault displacement of 7 m some 900­

1100 years ago [Bucknam et al., 1992]. Focal mechanisms

[Crosson, 1972; Weaver and Smith, 1983; Ma et al., 1991;

Wang et al., 1995; Ma et al., 1996] and geologic evidence

[Johnson et al., 1994; Pratt et al., 1997; Johnson et al., 1999]

suggest that such shallow seismicity in the Puget basin re­

flects north-south directed contraction. Between 1939 and

1965, four earthquakes greater than magnitude 6 occurred in the

southern Puget Sound area, although the most damaging were

within the down going Juan de Fuca plate [Ludwin et al.,

1991 ].
This strain gradient marks the northern margin of the mi­

grating forearc that characterizes latitudes from central Oregon

to central Washington. This northward migration was previ­

ously known from geologic evidence [e.g., Wells et al., 1998]

and has recently been described by spatially denser GPS obser­

vations concentrated in coastal Oregon [McCaffrey et al.,

2000]. Our data indicate northward forearc migration of 9

mm/yr at central Oregon latitudes.

The Cascade deformation zone (Figure I) comprises step­

ping Holocene normal and dextral faults along the extensional
southern Cascade arc in Oregon, in the region of the magmatic

front. that extend from Mount Lassen to Mount Rainier (Fig­

ures 1 and 6). This zone delineates a step in the northward

component of velocity [McCaffrey et al., 2000, Figure 2]. The

two 1993 Klamath Falls earthquakes, magnitudes 5.9 and 6.0,
occurred within this zone of distributed shear [Braunmiller et



MILLER ET AL: GPS DETERMINATION OF ALONG-STRIKE VARIATION IN CASCADIA 171

fn
.0 BCt

"
235

Figure 6. Regional seismicity in the Pacific Northwest.
Seismic events with M ~ 3 from the Council of the National
Seismic System catalog (1969 to 2000) are scaled by magni­
tude. Locations include: pi, Puget Lowlands; sm, Scott's
Mills; kf, Klamath Falls; kl, Klamath Mountains; mtj, Mendo­
cino triple junction; mvf, Mohawk Valley fault zone. Trian­
gles show the locations of GPS stations (see Plate 1 and Figure
5 for velocities). Denser distributions of earthquakes occur in
the areas where strain gradients are implied by GPS velocities,
both in northern California and within the Puget Lowlands of
western Washington. Diffuse seismicity also characterizes the
back arc in central \\;ashington.

al., 1995; Dreger et al., 1995; Nabelek and Xia, 1995], as did

the 1993 M 5.5 Scotts-Mills earthquake near Portland

[Nabelek and Xia, 1995]. Crustal seismicity is concentrated

along the Mount St. Helens seismic zone [Malone et al., 1981;

Weaver et al., 1981; Qamar et al., 1987] and continues north­

ward to Mount Rainier [Crosson, 1972]. Seismicity in western

Washington has not been correlated in detail with mapped sur­

face faults, in part because of heavy vegetation, thick Quater­

nary glacial deposits, and alluvium.

It is noteworthy that before the dislocation model correc­

tion is applied, there is apparent convergence across the Cas­
cade zone that forms the prominent, arc-axial escarpment in

Oregon (see BURN and CABL vectors, Plate 1). With the sub­

duction zone model correction, extension across the Cascade

graben is implied (Figure 5b), consistent with several mm/yr

of west directed dilation. In southern Oregon, the Cascade

zone is well positioned to account for the apparent "double

locked zone" from the inversion of McCaffrey et al. [2000],

which we interpret as a known active normal fault superim­

posed on the eastward decaying recoverable deformation field

from the subduction zone. This structure coincides with the

eastern limit of forearc migration in Oregon.

Farther to the south at Cape Blanco (CABL, Figure 5b), the

northward velocity of the migrating forearc falls off only

slightly, by 1 mm/yr, raising the possibility of modest north

directed extension in southern Oregon. While the residual ve­

locity at Cape Blanco is highly model dependent, it agrees

well with the Yreka velocity (see CABL and YBHB, Table 4 and

Figure 5b) that is insensitive to the model corrections.

Northwestward velocities at Cape Blanco and Yreka point to

the southward increasing influence of Pacific plate interactions

along the Gorda segment of the Cascadia boundary. These

dominate even farther south at Cape Mendocino.

Several factors contribute to the very large residual motion

at Cape Mendocino (33.5 ±1.0 mm/yr directed 341°); its veloc­

ity suggests that it lies more OIl the Pacific plate than North

America. The Eastern California shear zone and faults of the

San Andreas system such as the Ma'acama and Bartlett Springs

faults lie farther east. In particular, 22.1 +6.2/-4.7 mm/yr of

the velocity at Cape Mendocino may be attributed to the

Ma'acama and Bartlett Springs faults [Freymueller et aI., 1999]

that lie within the San Andreas system to the east of Cape

Mendocino (CME1, Figure 5b) and that feed intra-plate defor­

mation between the triple junction and the Oregon border

[Kelsey and Carver, 1988; McCrory, 2000]. Another

11.0±0.8 mm/yr, directed 311 ° lies to the east of Quincy

(QU1N, Figure 3 and Table 2), presumably on a northward ex­

tension of the Eastern California shear zone [Miller et al.,

2001] and Walker Lane [Oldow et al., 2001]. This leaves a

negligible amount that must be accounted for. Together with

clastic strain accumulation related to the San Andreas fault and

Mendocino transform, these faults contribute to the large

northwestward station velocity. Model edge effects also may
concentrate near Cape Mendocino, which lies near three major

plate boundary structures. Nevertheless, the residual velocity

at Cape Blanco is concordant with Pacific plate motion.

Taking into account the faults of the San Andreas system,

the northern California-southern Oregon data imply a velocity

gradient between Cape Blanco and the stations at Quincy,

Yreka, and Cape Mendocino (CABL, QU1N, YBHB, and CME1,

Figure 5 and Table 4). While the residual velocities at Cape

Blanco and Cape Mendocino arc sensitive to model assump­

tions, negligible model velocities at Yreka and Quincy make

them independent of the elastic model and its possible errors.

The Sierra Nevada block moves - 14 mm/yr northwestward

with respect to North America; Quincy (QU1N, Plate 1 and Fig­

ure 5) is separated from the Sierra Nevada block to the west by
the Mohawk Valley fault zone [Dixon et al., 2000]. Some 2-3

mm/yr of the 14 mm/yr that make up the Eastern California

shear zone penetrate west of Quincy (Figure 5) as evidenced by
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Table 4. Residual Velocities From the Dislocation Model

GPS Station Longitude,oE Latitude, ON E Velocity, N Velocity, E Velocity N Velocity Correlation
mm/yr mm/yr Sigma Sigma

ALBH 236.51 48.39 143 295 040 0.41 -0.07750
BURN 242.16 4278 -617 152 140 093 -0.07270
CABL 23544 42.84 -5.12 7.52 056 0.49 -0.10220
CMBB 23961 3803 -851 7.62 0.91 0.73 -011240
CMEI 23560 40.44 -26.87 3072 1.16 105 -0.04660
CORV 23670 44.59 3.44 8.63 117 114 -006170
DRAO 24038 4932 0.29 U6 0.40 0.41 -0.04540
FTS1 236.04 4620 151 7.16 0.86 081 -0.06410
GOBS 239.19 45.84 0.72 344 061 0.48 -0.07060
GWEN 23867 45.78 2.60 2.98 1.11 101 -0.04620
JROI 237.78 4628 1.68 697 1.03 0.96 -0.02710
LIND 23946 47.00 083 2.10 1.19 1.06 -006610
NEAH 23538 48.30 040 281 060 0.55 -002620
NEWP 235.94 44.59 416 9.05 1.09 0.99 -0.03050
PABH 235.80 47.21 145 635 0.52 045 -008420
QU1N 239.06 39.97 -854 6.11 0.93 087 -0.05440
REDM 238.85 4426 -126 183 1.00 086 -004210
SATS 23646 46.97 061 8.04 1.15 0.89 -003600
SEAT 23769 47.65 393 355 0.74 0.69 -003130
SEDR 237.78 48.52 0.13 272 079 0.57 -0.07560
YBHB 237.29 41.73 -4.88 725 097 0.86 0.03130

diffuse seismicity in the region (Figure 6). Another gradient of

4 mm/yr lies between Yreka and Cape Blanco (YBHB and

CABL, Figure 5) in the vicinity of the Klamath Mountains

(Figures 1 and 6). Thus nearly half of the strain budget related

to the Eastern California shear zone and entrainment of the Si­

erra Nevada block is diminished across the northern Sierra Ne­

vada and Klamath Mountains.

Faults in southeastern Oregon are also candidates for con­

tinuation of the Eastern California shear zone and Walker Lane

(Figure 1) [Wallace, 1984; Doser, 1988; dePolo et al., 1991].

Eastern Oregon faulting occurs in two northwesterly zones that

transect the state [Pezzopane and Weldon, 1993]. Right­

lateral oblique faults displace Pleistocene and Holocene age

strata. The Eastern Oregon zones include seismicity and active

faulting that is distributed across western Idaho, northeastern

Oregon, and southern Washington.

Both impingement of the Sierra Nevada block and oblique

subduction have been invoked as processes that drive Oregon

forearc migration [Wang 1996; Wells et al., 1998]. The kine­

matics, taken with the geometry of the subduction zone, invite

speculation. Vancouver Island, which is part of Wrangellia,

arguably forms a more rigid backstop against which the inland

penetration of a Pacific transform component terminates. In

this view, the Oregon and Washington forearc migrates in

front of the impinging Sierra Nevada block. The northern

margin of the migrating forearc also coincides with the limit

of oblique subduction, however, implying a different origin.

The bight in the continent margin results in nearly orthogonal

convergence along Vancouver Island, where forearc migration

is absent, and moderately oblique convergence farther south,

where forearc migration is relatively rapid (Figure 2). This

implies that oblique subduction drives forearc migration.

The nature of intraplate deformation that accommodates

Cascadia forearc migration has been described as a block rota·

tion. Kinematically consistent fault block models have been

developed for larger regions of the deforming margin [Pez·

zopane and Weldon, 1993]. Various independent estimates of
the euler vector for forearc-North America motion have been

published, based on geologic [Wells et al., 1998] and geodetic

data [McCaffrey et al., 2000]. Geodetic estimates may be vul·

nerable to neglecting elastic and permanent deformation along

crustal faults, discrepancies between plate circuit constraints

and actual convergence of the fore-arc (resulting in mismodel·

ing of the elastic field), and possible flaws or inconsistencies

in reference frame realization. Thus such euler vectors may

have little tectonic significance. Nonetheless, the forearc is

geologically and geodetically coherent in central and northern

Oregon where it is clearly migrating northward. The eastern

boundary of the forearc is regionally discrete and corresponds

to known seismicity along the magmatic front [Stanley et al.,

1996]. Strain gradients that define the northern and southern

limit of forearc migration are more complex and characterized

by distributed deformation rather than rigid block behavior.

England and Wells [1991] have described the "quasicon·

tinuous" nature of geologic structures that surround the deform·

ing forearc. The strain gradient across the Washington

forearc, for instance, is consistent with distributed continental

deformation [Stanley et al., 1996], as is the possible boundary

between central Oregon migration and southern Oregon·

northern California northwestward translation (Figure 5b). Di·

rect geodetic evidence for significant rotation is not evident in

the rigid part of the forearc. Furthermore, the geological struc·

tures that delineate the edges of the migrating forearc are

poorly defined on the basis of current geodetic results.
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3.3.2. Structural domains of the deforming
back arc. A north-to-south transition in tectonic regimes

also characterizes the back are, although our data are sparse

and, within the United States, are partly based on 2 year time

series (at LIND, REDM, and BURN, Plate 1). A small but per­

sistent northeast directed velocity of 1.7±0.4 mm/yr at Pentic­

ton (DRAO, Figure 5, Plate 1, and Tables 3 and 4) is well estab­

lished from its long observation history and its inclusion in

the ITRF. A similar velocity determination from the central

Washington back arc (LIND, Figure 5, Plate 1, and Tables 3

and 4) implies little net deformation occurs between the two
stations.

Shortening of -1 mm/yr between Lind and Goldendale

(LIND, GOBS, Figure 5, Plate 1, and Tables 3 and 4) is small

but consistent with modest geologic estimates of active con­

traction across the Yakima fold belt and diffuse seismicity in
this region (Figure 6). The Olympic-Wallowa line, a promi­

nent alignment of topographic features, extends from the

northern edge of the Olympic Peninsula to northeastern Ore­
gon (Figure I) [Raisz, 1945; Hooper and Conrey, 1989; Mann

and Meyer, 1993]. The northwest-trending lineament com­

prises northeast facing escarpments at either end and, in cen­

tral and southern Washington, it forms a major geomorphic

and structural boundary in the Neogene Yakima fold belt, illu­

minated by active faulting and seismicity (Figure 6). The

southern extent of the Olympic-Wallowa line records dextral

and normal-oblique displacements of Quaternary strata [Hooper
and Conrey, 1989; Mann and Meyer, 1993] and coincident mi­

croseismicity [Zollweg and Jacobson, 1986]. The right-lateral

Milton-Freewater and Arlington-Shuttler Butte fault zones also

displace Quaternary strata and probably generated the 1936

Milton-Freewater M -6.4 earthquake [Noson et ai., 1988].

The Olympic-Wallowa line in central Washington has re­

ceived much attention because of its proximity to the nuclear
facilities and waste disposal sites of the Hanford Nuclear Res­

ervation and large hydroelectric dams along the Columbia

River [Tolan and Reidel, 1989; Mann and Meyer, 1993; Hutter,

1994]. Our results indicate small but resolvable strain. The

Olympic-Wallowa line consists of a series of east-west trend­

ing anticlinal ridges and associated thrust faults that mark a

kinematic boundary within the Yakima fold belt [Reidel, 1984;

Tolan and Reidel, 1989; Beeson and Tolan, 1990]. Shortening

occurs across thrust faults and folds within the belt [Campbell

and Bentley, 1981; Reidel, 1984; Campbell, 1994; West et

al., 1996] that locally cut Quaternary-Holocene (?) strata. De­

spite common thrust fault focal mechanism solutions in east­

ern Washington, earthquakes have not been correlated to spe­

cific faults. N-S directed maximum stress, inferred from P axes

of reverse fault earthquake mechanisms, is consistent with the

E-W trending anticlines in the Yakima fold belt [Malone et al.,

1975].

The largest historic earthquake in the Pacific Northwest,

the 1872 North Cascades or Wenatchee earthquake [Milne,

1956] has an estimated M >7 [Malone and Bar, 1979]. The ex­

act location, depth and magnitude of the earthquake are poorly

determined [Malone and Bar, 1979].

To the south of Goldendale (GOBS, Plate and Figure 5b),

the northward velocity component decreases and possible (but

negligible) extension may be implied between the Columbia

River and central Oregon. The northwestward direction of this

velocity determination (REDM, Figure 5b) belies the influence

of the Basin and Range deformation field. To the southeast,

this effect becomes dominant at Burns Junction (BURN, Plate

1 and Figure Sa) which is moving nearly westward 7 mm/yr

with respect to the interior of North America. Northwest strik­

ing normal faults bound the Goose Lake and other grabens and

have low Holocene slip rates [Bacon et al., 1999; Colman et

al., 2000]. The 1968 Adel, Oregon, M 5.1 earthquake swarm

[Patton, 1985] occurred in this zone. The velocity at Burns

Junction (BURN, Plate 1 and Figure Sa) reflects the integrated

Basin and Range extension that lies to the east.

3.4. Summary

Taken collectively, the residual velocity field yields new

insights on the basic pattern of permanent deformation within

the Pacific Northwest. The GPS results establish constraints
on modern deformation, which support the pattern of deforma­

tion suggested by studies that integrate geological and paleo­

magnetic data [Wells, 1990; Wells et al., 1998] and that syn­
thesize neotectonic evidence and seismic moment estimates
[Pezzopane and Weldon, 1993].

Forearc deformation varies markedly from north to south.

Along the Canadian segment, which converges nearly or­

thogonal to strike of the deformation front, evidence of forearc

migration parallel to the subduction zone is absent. Along the

central Cascadia margin the signature of northward transport of

the forearc predominates, and increases from north to south,

consistent with geological evidence for north-south directed

shortening in coastal Washington. This results in a strong

strain gradient and implied seismic hazard across the Puget

lowlands, the most densely populated area of Washington. A

major crustal feature crosses the width of the plate margin: the

Olympic-Wallowa line extends from the Idaho border to the

northwest into Puget Sound and, in the west, is kinematically

related to the limit of forearc migration. In Oregon, extension

characterizes the high Cascades and coincides with a boundary

between the migrating forearc and the modestly deforming
back arc.

Along the southern Cascadia margin, northwestward trans­

port reflects the influence of Pacific plate motion [Kelsey and

Carver, 1988], tectonic complexity of the triple junction re­

gion [Wilson, 1989; Kelsey et al., 1996; Freymueller et al.,

1999], and known crustal faults that partition plate motion.

Deformation in northern California is consistent with the slip

budget on the San Andreas, Ma' acama, and Bartlett Springs

faults. Furthermore, we present new evidence that deformation

from the WaJker Lane and Eastern California shear zone tran­

sects the region of the triple junction and southern Cascadia
forearc.

Geomorphic variation in the arc historically raised the

possibility of seismic segmentation of the subduction zone.
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Our GPS results demonstrate that along-strike variation in
convergent margin geomorphology corresponds to patterns of
permanent deformation. Taken in the context of paleoseismic,

tsunami, tree-ring, and turbidite studies, this geomorphic and
kinematic segmentation does not imply seismic segmentation

of the subduction zone. Increasing evidence suggests that the
megathrust is not seismically segmented, with the possible

exception of the south Gorda plate.

4. Conclusions

We present a synoptic view of modem Cascadia margin de­

formation from GPS observations. Coupling of the subduction

zone dominates instantaneous crustal deformation along the
extent of the Pacific Northwest coast. This result substantiates
the potential for great subduction earthquakes in the Pacific
Northwest.

Model corrections for subduction zone locking allow
evaluation of deformation on crustal faults, which also con­
tribute significantly to regional seismic risk. Station density
is relatively sparse, yet existing models for subduction zone
geometry and locking appear good to first order and will be re­

fined with spatially denser data sets. Using the residual veloc­
ity field as a proxy for permanent deformation, with some ca­

veats, we compare to geologically constrained estimates of
Neogene deformation. This yields a remarkably similar spatial

pattern of deformation to those suggested on geologic grounds
[Pezzopane and Weldon, 1993; Wells et al., 1998] and pro­
vides direct constraints on current deformation rates.

The convergent margin has three coastal kinematic do­

mains from north to south: a relatively stable Canadian forearc
where observed deformation is largely due to subduction zone

coupling, the northward-migrating central Cascadia forearc,
and Pacific plate entrainment coupled with clockwise rotation
or northwestward translation of the southern Cascadia forearc.
Strain gradients across Puget Sound-Straits of Juan de Fuca and
the Klamath Mountains concentrate crustal deformation that
separates the three regions: GPS kinematics indicate 6-7
mm/yr north-south contraction within the Washington
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