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1 INTRODUCTION

SUMMARY

We apply a viscoelastic cycle model to a compilation of GPS velocity fields in order to
address the kinematics of deformation in the northwestern United States. A viscoelastic cycle
model accounts for time-dependent deformation following large crustal earthquakes and is an
alternative to block models for explaining the interseismic crustal velocity field. Building on
the approach taken in Pollitz et al., we construct a deformation model for the entire western
United States—based on combined fault slip and distributed deformation—and focus on the
implications for the Mendocino triple junction (MTJ), Cascadia megathrust, and western
Washington. We find significant partitioning between strike-slip and dip-slip motion near the
MT]J as the tectonic environment shifts from northwest-directed shear along the San Andreas
fault system to east—west convergence along the Juan de Fuca Plate. By better accounting for
the budget of aseismic and seismic slip along the Cascadia subduction interface in conjunction
with an assumed rheology, we revise a previous model of slip for the M ~ 9 1700 Cascadia
earthquake. In western Washington, we infer slip rates on a number of strike-slip and dip-slip
faults that accommodate northward convergence of the Oregon Coast block and northwestward
convergence of the Juan de Fuca Plate. Lateral variations in first order mechanical properties
(e.g. mantle viscosity, vertically averaged rigidity) explain, to a large extent, crustal strain
that cannot be rationalized with cyclic deformation on a laterally homogeneous viscoelastic
structure. Our analysis also shows that present crustal deformation measurements, particularly
with the addition of the Plate Boundary Observatory, can constrain such lateral variations.

Key words: crustal deformation, viscoelasticity.

fault (SAF) system along the Pacific—North America Plate bound-
ary and east—west convergence along the ~1200-km-long Cascadia

In this study, we construct a kinematic model of crustal deformation
in the Pacific Northwest. The modelling methodology incorporates
deformation from different sources: time-dependent post-seismic
viscoelastic relaxation, time-independent (cycle-averaged) relax-
ation, and fault creep, and it is constrained by GPS and fault data.
Our results allow us to estimate the partitioning of slip at the Mendo-
cino Triple Junction and western Washington, evaluate the coseis-
mic slip distribution of the 1700 Cascadia-megathrust earthquake,
and evaluate the effects of lateral variations in crustal rigidity and
mantle viscosity. The results illuminate the physical mechanisms
shaping the interseismic crustal velocity field and highlight the
complexity of rationalizing the velocity field with a combination
of well constrained and poorly constrained dislocation sources, as
seen through the filter of the crust and mantle rheology.

The western North America Plate boundary zone (Fig. 1) accom-
modates right-lateral shear along the ~1300-km-long San Andreas
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megathrust (CSF) along the Juan de Fuca—North America Plate
boundary. The plate boundary zone generally extends several hun-
dred kilometres into North America through the Eastern California
Shear Zone (ECSZ), the extensional system of the Basin and Range,
and the backarc fold and thrust belt of eastern Washington. Ratio-
nalizing the deformation in the rapidly deforming SAF and CSE,
the slowly deforming plate interior, and the transitions among them
present special challenges. It is possible to address many of them
using the detailed images of the crustal velocity field now available.

The crustal velocity field shown in Figs 2 and 3 consists of 3650
horizontal velocity vectors derived over two decades of observa-
tion using the Global Positioning System (GPS). Although there
is considerable redundancy, particularly in southern California, the
interseismic crustal velocity field is imaged almost everywhere to
a resolution of 50 km or less, with densest coverage near major
fault zones at a resolution of a few km. This velocity field and the
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Figure 1. Tectonic provinces (heavy solid lines), M > 3 earthquakes (white circles), major faults (black lines), and deformation zones (highlighted in white)
in the western United States. Deformation zones include Central Nevada seismic belt (CNSB), Eastern California Shear Zone (ECSZ), Walker Lane seismic
belt (WLSB) and Intermountain seismic belt (ISB). Other abbreviations are: GH, Grays Harbor; MTJ, Mendocino triple junction; PL, Puget Lowland; YSP,
Yellowstone Plateau and ESRP, eastern Snake River Plain. Modified from Puskas & Smith (2009).
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Figure 2. GPS data used in this study. Abbreviations are PBO (Plate Boundary Observatory), SGPS (survey-mode GPS) and CGPS (continuous GPS). See

Section 2 of main text for additional explanation.

associated strain field (Fig. 4) span spatial scales of 10! to 103 km.
At the shortest scale of ~10 km, it informs us on the degree of
strain accumulation around fault zones, which are related to long-
term slip rates and elastic plate thickness (Savage & Burford 1973;
Savage & Prescott 1978). At the largest scale of ~103 km, it in-
forms us on the long-term slip rates of the major fault zones in the
plate boundary zone (Fig. 1) and the major faults that bound the
western North American Plate (e.g. the Queen Charlotte transform
and the Gulf of California transform and spreading system) and
the forces driving slow deformation of the plate interior (Elsasser
1969). At intermediate scales of 10'-103 km, it informs us on the
flow pattern produced by repeated slip events on faults, which are
related to long-term slip rates, effective elastic plate thickness (and
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lateral variations thereof), and the viscosity structure of the ductile
lower crust and upper mantle (Savage & Prescott 1978; Thatcher &
Rundle 1979; Cohen 1982; Thatcher 1983; Dixon et al. 2002, 2003;
Meade & Hager 2004).

As GPS velocity fields within continents have become more com-
prehensive, models of crustal deformation have been correspond-
ingly refined. Continuum models were initially advanced to explain
the long-wavelength component of the crustal velocity field in terms
of'aviscous lithosphere with a (typically large) viscosity designed to
mimic distributed deformation in continents (England & McKenzie
1982; England & Molnar 1997; Flesch et al. 2000). The recog-
nition that major faults tend to localize deformation and regions
between the faults tend to behave rigidly at nearly all timescales led
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Figure 3. Composite GPS velocity field of Fig. 2 text replotted in several subregions. Grey lines indicate model faults.
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Figure 4. Observed strain rate field derived from the GPS velocity field (Fig. 2 of main text), represented by the amplitudes and directions of the principal
strain rate axes (thick and thin line segments denoting a principal contractile or tensile strain rate axis, respectively) and rotation rate (indicated by color
shading). The derivation of the strain rate field is described in section 5.3 of Pollitz et al. (2008). Rotation rate is here defined as %(31’4 /dy — 00/0dx), where x
and y measure distance in the local East and North directions, respectively, and # and v are the corresponding x- and y-velocity components.

to the development of block models which explicitly account for
fault locking effects (Hashimoto & Jackson 1993; Thatcher 2003).
At the same time, the observation of strong time dependence in
the crustal deformation following large (M 2 7) earthquakes com-
pelled the development of viscoelastic models to simulate stress
re-adjustment of the lower crust and mantle following these events
(Nur & Mavko 1974; Savage & Prescott 1978; Thatcher & Rundle
1979, 1984; Cohen 1982). More detailed sampling of the post-
earthquake deformation field, particularly after the 1992 Landers
and 1999 Hector Mine, California, earthquakes, allowed the refine-
ment of viscoelastic models in terms of viscoelastic structure as
well as rheology (Maxwellian versus transient; linear versus non-
linear) (Pollitz et al. 2000, 2001; Pollitz 2003a; Freed & Biirgmann
2004; Freed et al. 2007; Johnson et al. 2006). The viscoelastic struc-
tures derived from post-earthquake geodetic studies in the western

US agree well with those derived from palaco-shoreline analyses
over longer time periods (e.g. Blirgmann & Dresen 2008; Thatcher
& Pollitz 2008; Hammond et al. 2009). These models are consis-
tent with the expected reduction in rock strength with increasing
temperature. They also place block models in a broader context
because block models are theoretically an end-member case of
viscoelastic models in the limit of high sublithosphere (astheno-
sphere) viscosity (Savage 1983; Savage et al. 1998). The utility
of the viscoelastic-cycle model extends beyond explaining time-
dependent crustal deformation following large earthquakes, and it is
generally applicable to the interseismic velocity field (e.g. Thatcher
& Rundle 1979; Thatcher 1983; Savage & Lisowski 1998;
Savage 2000; Dixon et al. 2003; Hetland & Hager 2003; Johnson
et al. 2006; Smith & Sandwell 2006; Pollitz et al. 2008; Hearn
et al. 2009).
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The purpose of this study is threefold.

(1) To update and expand the GPS velocity field of Pollitz et al.
(2008) with additional observations, drawing on newly available
sources. This includes crustal velocities at sites of the Plate Bound-
ary Observatory (PBO) which benefit from longer observation times
than were available in the earlier study. In doing so we more than
triple the amount of data considered by Pollitz et al. (2008).

(2) To provide a better treatment of the deformation sources
in the Pacific Northwest, which were explored incompletely by
Pollitz et al. (2008). In this study, we revise the kinematic param-
eters of sources along the Cascadia megathrust, benefitting from
the constraints on net relative motions deduced by McCaffrey et al.
(2007), add sources associated with the Explorer plate boundary,
and incorporate numerous onland faults which contribute minor,
but substantial, signals to the observed crustal velocity field.

(3) To test whether the viscoelastic-cycle approach of Pollitz
et al. (2008) is capable of rationalizing the expanded data set, which
captures more detail over a greater breadth of tectonic domains than
the earlier data set.

The actively deforming northwestern US includes the Mendocino
triple junction, where the style of faulting changes from northwest-
directed shear to east—west shortening along the Cascadia megath-
rust; northwestern California and western Oregon and Washington,
which record this east—west shortening; western Washington, which
is a diverse deformation zone accommodating the northward motion
of the Oregon Coast block and northwestward convergence of the

Table 1. Data sources.

Crustal deformation in the northwestern US 671

Juan de Fuca Plate. The regional deformation has been rationalized
with a block model (McCaffrey et al. 2007), which accounts well for
the budget of slip along the major tectonic boundaries and numerous
minor fault zones. Here we use the model of Pollitz ez al. (2008) in
which interseismic crustal deformation is rationalized as the product
of viscoelastic relaxation from past slip events on identified faults
and steady distributed deformation in the regions surrounding the
faults, with further allowance for the effects of lateral variations in
depth-averaged rigidity and creeping faults. The use of a viscoelas-
tic model necessitates consideration of GPS data over a very large
domain because of the long-range effects of viscoelastic deforma-
tion cycles, hence the use of a velocity field spanning the western
US (Figs 2 and 3). This velocity field affords the opportunity to also
examine the nature of strain accumulation in the continental interior
and first-order characteristics of the viscoelastic rheology.

2 DATA SET

We use observations of the crustal velocity field compiled from nu-
merous GPS data sets (Figs 2 and 3). These data span collectively the
entire ~2500-km-long and ~1500-km-wide plate boundary zone of
the western US. For purpose of visualization, the data sources are
broken down into three categories: (1) the PBO, spanning the entire
western US, (2) the Pacific northwest, as provided by the Payne
et al. (2008) data set and (3) Various survey-mode GPS (SGPS) and
continuous GPS (CGPS) measurements. The contributing sources
are summarized in Table 1. A large subset of the data covering

Network area Measurement Years #Sites Mean Source
type rms?
Western US SGPS+CGPS Through 2003 237 0.93 1
E. Snake River Plain SGPS 1995-2004 13 0.58 2
Wasatch Front SGPS 19922001 39 0.26 3
E. Basin & Range CGPS 1997-2005 22 1.06 3
and Yellowstone/Snake River Plain
Northern California SGPS 1991-1995 51 3.51 4
Mendocino triple junction SGPS+CGPS 1993-2002 64 1.43 5
California SGPS 1994-1999 43 2.88 6"
W. Basin & Range SGPS 1999-2003 110 1.29 7
and W. Snake River Plain
Basin & Range SGPS 2000-2004 252 0.73 8
Pacific Northwest SGPS+CGPS 19922006 672 0.83 9
California SGPS 1993-2000 83 2.54 10°
Western US CGPS 19972008 714 1.08 11
Yellowstone/Snake River Plain SGPS 1995-2000 91 0.74 12
Teton fault zone SGPS 19872003 13 0.54 120
S. California SGPS+CGPS 19862001 840 1.30 13
San Francisco Bay area SGPS+CGPS 1993-2003 225 0.52 14
W. Nevada SGPS 1993-2000 48 1.16 15
Idaho-Montana (Flathead) SGPS 2001-2006 16 1.54 16
Oregon-Washington SGPS 2001-2005 11 1.83 16
(Kennewick)
NE Oregon (La Grande) SGPS 2001-2006 25 1.81 16
Southwest Nevada SGPS+CGPS 1994-2004 29 1.53 16
Oregon-Idaho (Burns) SGPS 1998-2006 32 1.57 16
Southeast Idaho SGPS 2003-2007 20 1.87 16
(Wind River)

Notes: SGPS, survey-mode GPS; CGPS, continuous GPS. 1, Bennett ef al. (2003); 2, Chadwick et al. (2007); 3, Chang (2004); 4, Freymueller
et al. (1999); 5, Williams et al. (2006); 6, Gan et al. (2000); 7, Hammond & Thatcher (2005); 8, Hammond & Thatcher (2007); 9, Payne et al.
(2008); 10, McClusky et al. (2001); 11, Plate Boundary Observatory: http://pboweb.unavco.org/; 12, Puskas et al. (2007); 13, Shen et al.
(2003); 14, d’Alessio et al. (2005); 15, Svarc et al. (2002a) and 16, USGS: http://quake.wr.usgs.gov/research/deformation/gps/auto/CL.html

“Rms measurement error.
bMeasurement errors have been doubled from the given study.
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Figure 5. Average misfit of east and north velocity components of three
selected velocity fields with respect to the PBO velocity field. Triangles
and diamonds indicate the rms misfit both before and after application of a
rotation prescribed by a Helmert transformation derived separately for each
velocity field.

the plate interior is that presented by Puskas & Smith (2009) and
summarized in their table 3.

The USGS campaign measurements are described in numerous
prior publications (Savage et al. 1998, 1999a,b, 2001a,b; Thatcher
et al. 1999; Prescott et al. 2001; Svarc et al. 2002a,b; Savage et al.
2004; Hammond & Thatcher 2004). They are generally conducted
at intervals of 3—4 yr, and the associated velocity field is a compos-
ite of such measurements conducted between 1991 and 2007. The
Payne et al. (2008) data set is an update of McCaffrey et al. (2007)
and a compilation of various continuous and campaign GPS mea-
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surements, including USGS campaign measurements conducted up
to 2006; the measurements in this compilation span the time inter-
val 1991-2006. The PBO measurements were initiated in 2004 and
represent up to 4 yr of continuous measurements. After removal of
reference stations and outliers, we employ altogether 2264 velocity
vectors associated with various CGPS and SGPS data sets, 714 from
PBO, and 672 from Payne et al. (2008), for a total of 3650.

In general, all contributing data sets have been processed in
slightly different realizations of fixed North America. Any pos-
sible disparities in reference frames are corrected to first order by
referring each individual data set to the PBO data set at common
sites using a Helmert transformation. Each Helmert transformation
is parametrized by the three Cartesian components of an Euler vec-
tor, and the derived transformation is applied to all velocity vectors
of the data set. The non-PBO velocity vectors shown in Figs 2
and 3 have already been corrected in this manner. Fig. 5 shows
the mean misfit between the PBO velocity field and three selected
velocity fields prior to and after alignment. The rotation prescribed
by each respective Helmert transformation reduces the initial misfit
substantially.

3 THEORETICAL FRAMEWORK

The driving forces of earthquakes originate in the convective system
of Earth’s interior, which generate toroidal flow fields and basal trac-
tions on the lithosphere (e.g. Humphreys & Coblentz 2007). From
a kinematic viewpoint, however, the effects of long-lived driving
forces are embraced by the history of earthquake faulting extending
indefinitely into the past (Savage & Prescott 1978). In this context,
crustal deformation is envisaged to be driven by the post-earthquake
relaxation of a ductile lower crust and mantle underlying an elastic
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Figure 6. Surface traces of source faults for which the time-dependent treatment (viscoelastic-cycle deformation; first term of eq. 1) is used. These correspond

to the sources listed in table 3 of Pollitz et al. (2008).
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upper crust. The treatment allows for both cyclic and steady-state
dislocation sources in the upper crust. We employ eq. (1) of Pollitz
et al. (2008)

Vinst(r)

= Z/ rm(r) Z(}“’”(r, vt —t,+jT,)
n Tn
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Here V refers to the volume of the lithosphere, which is assumed
to be populated with discrete fault surfaces, and G (r, r/, ¢) is the
response of the viscoelastic system at point r and time ¢ to a unit
dislocation source applied at point r’ and time 0. Quoting Pollitz
et al. (2008), the terms of eq. (1) represent:

(1) Viscoelastic relaxation from all known/estimated past major
regional earthquakes. Letting I, define the nth (discrete) fault sur-
face, fault geometry and slip of these events are represented through
the moment-release rate density m(r’) at points r’ € I',,. Time of last
event and recurrence interval on nth fault are #, and 7, respectively.

(2) Interseismic-cycle averaged velocity produced by viscoelas-
tic relaxation from moment-release rate density on faults I',,,.

(3) Interseismic-cycle averaged velocity produced from mo-
ment release on dislocations distributed throughout the remaining
volume.

(4) Secular deformation arising from steady creep at points r’ €
", corresponding to creeping fault surfaces.

(5) The effects of lateral heterogeneity in shear modulus
3u(r") and bulk modulus 8« (r') at points ¥’ € V.

Note that deformation associated with the second and third cate-
gories is time-independent, and that the moment rate density tensor
m@(r") is proportional to the slip rate s, on fault surface I',,.
Under the assumptions of time-independence and negligible depth
variation in crustal strain rate, the moment release rate m®*(r’) as-
sociated with deformation of the fifth category depends on §u(r’),
8k (1), and the observed strain rate field using eq. (8) of Pollitz et al.
(2008).

We employ a time-dependent model for larger-magnitude sources
for which sufficient information (i.e. slip estimates and date of oc-
currence) is available, and a time-independent model for remaining
sources. To implement the time-dependent model, we use the vis-
coelastic structure shown in fig. 7 of Pollitz et al. (2008). It consists
of a 20-km-thick elastic lithosphere underlain by viscoelastic lower
crust and mantle. The lower crust is assumed linear Maxwellian
with a viscosity of 2 x 10" Pa's, and the upper mantle is a Burgers
body (e.g. Pollitz 2003a) with transient and steady state viscosities
of 5 x 10" and 10'° Pa s, respectively.

The time-independent model (category 2 source in eq. 1) is a
valid approximation to a time-dependent model provided that the
material relaxation time of the asthenosphere is larger than the
mean recurrence interval of the fault (e.g. Savage & Prescott 1978).
With a relaxation time of 5 yr for the steady-state component of
the mantle rheology and typical recurrence intervals greater than
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100 yr, the interseismic velocity would vary considerably with time
and thus the approximation is not strictly valid. On the other hand,
if such faults are loaded not by relaxation bur rather by steady
slip at depth at the long-term slip rate, then the employed term
in eq. (1) is applicable. Moreover, if a deforming zone is occu-
pied by several faults, each at a different stage into its respective
seismic cycle, then the resultant interseismic velocity field will
statistically tend to that predicted by the time-independent model
(Pollitz 2003b).

The time-dependent sources are summarized in table 3 of
Pollitz et al. (2008) and shown in Fig. 6. These include the Cas-
cadia megathrust which ruptured in 1700 and parts of the San
Andreas fault system which ruptured in 1906 (northern
California) and 1857 (southern California), and they are modelled
with deformation of category 1. We considered in addition sev-
eral large earthquakes which occurred around the MTJ, including
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Figure 7. Horizontal velocity and 1o errors along the profiles indicated
in Fig. 3, resolved in the direction parallel to the profile, that is, in the
N67°E direction on profile CD and in the N30°E direction on profile AB.
Velocity is averaged over those GPS sites within 20 and 40 km of the profile
for profiles AB and CD, respectively, and within a 15 km distance from
the plotted point in the direction parallel to the profile. Solid curves are
observed velocity with interpolation (i.e. Fig. 2); long dashed curves are
observed velocity after correction for the effects of the viscoelastic cycle
on the megathrust using the Cascadia slip rates presented in Table 2; short
dashed curves are the residual velocity field (i.e. Fig. 10).




674  F F Pollitz et al.

the 1992 April 25 M,, = 7.1 and 1994 September 1 M,, = 7.0
Cape Mendocino earthquakes. The post-earthquake relaxation sig-
nals from any of the largest events (based on the assumed viscoelas-
tic model) do not exceed 0.5 mm yr~! in the year 2000 and diminish
with time, and they are therefore considered negligible compared
with other deformation sources.

All other discrete faulting sources are modelled as time-
independent deformation of categories 2 and 4. In order to account
for distributed faulting and effective lateral variations in elastic
parameters, we append deformation of categories 3 and 5.

42°

41°

39
-126° -125°

4 SOURCE FAULTS

The western-US faults used in this study, which are an update of
those used by Pollitz e al. (2008), are presented in Appendix A.
On the Cascadia megathrust, the long-term slip rate and azimuth is
prescribed by the relative plate motions between the Gorda defor-
mation zone (GDZ) and California coast (CC) for faults #30-33,
the Juan de Fuca Plate (JdF) and Oregon Coast Plate (OC) for
faults #3441, JdF and the North American plate (NA) for faults
#42-45 and between the Explorer Plate (Expl) and NA for fault #81.

-124° -123° -122°

Figure 8. Map of northwestern California showing location of Quaternary fault traces denoted as black lines, simplified onshore geology (modified from CGS
CDM-2), the inferred slab edge as blue dashed line (McCrory et al. 2006), and NCSN seismicity (1984-2008) as orange circles. NCSN seismicity has been
relocated with a double-difference hypoDD algorithm (see http://www.ldeo.columbia.edu/ felixw/). Seismicity within the Juan de Fuca slab has been removed
using GIS program described in McCrory et al. (2006) so earthquakes north of slab edge reside in the North American Plate. MTJ denoted approximate location
of Mendocino triple junction, marking intersection of Pacific (medium blue), Juan de Fuca (light blue) and North America (brown) plates. Diagonal pattern
denotes overlap of Juan de Fuca and North America plates along Cascadia subduction zone or transitions between Pacific and North America plates along San
Andreas transform boundary. Mercator projection. Shaded relief base map from USGS GTOPO 30 and NOAA.
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Table 2. Slip rates of selected faults (Figs Al and A2).

No. Fault name Type* db dy Strike Dip Length 54 56
(km) (km) ) () (km) (mmyr~!) (mmyr~!) References
1 Queen Charlotte tr. RL+T 0 20 330-350 70 1500 43" 48/ 1
2 Little Salmon RL+T 0 10 315 30 83 - (10,0M 2,3,26
3 Mad River RL+T 0 17 327 35 74 - (07,102 2,3,26
4 N. San Andreas RL 0 20 300-350 90 233 - 17.0/ 3.4
5 N. San Andreas RL 0 20 300-330 90 239 - 25.0/ 34
6 Eaton Roughs RL 0 20 328 90 75 - 8.0/ 2,3
7 Lake Mountain RL 0 20 320-340 90 152 - 8.0/ 2-4
8 Concord-Green V. RL 0 20 343 90 110 — 6.0/ 34
+ Bartlett Springs
9 Garberville RL 0 20 329 90 235 - 13/ 3,4
+ Maacama
10 Rodgers Creek RL 0 20 329 90 58 - 9.0/ 3,4,6
11 Hayward RL 5 20 329 90 87 - 9.0/ 5,6
11 Creeping Hayward RL 0 5 329 90 87 5/ - 5,7
12 N. Calaveras RL 0 20 336 90 55 - 9.0/ 6
13 Loma Prieta RL+T 4.5 12.5 128 62 37 - VE 7
14 Creeping RL 0 20 333 90 80 13.1 - 8
S. Calaveras
15 Creeping SAF RL 0 20 - 90 - - - 8
15A 140 41 33.8 -
15B 140 41 252 -
15C 140 41 31.8 -
15D 153 80 20.6 -
16 Dixie Valley N 0 15 17 90 46 — VE 9
17 Fairview Peak RL+N 0 15 4 60 40 - VE 9
18 Pleasant Valley N 0 15 194 44 59 - VE 10,11
19 Cedar Mountain RL 0 15 350 72 70 - VE 12
20 Pyramid Lake RL 0 15 320 90 30 - 3.0/ 13
21 Olinghouse LL 0 15 50 90 23 - 3.0/ 13
22 Petrified Spring RL 0 20 335 90 70 - 1.0/ 14,15
23 Benton Spring RL 0 20 335 90 75 - 1.0/ 14,15
24 Pine Nut RL 0 20 350 90 40 - 1.0/ 14
25 Wassuk N 0 20 340 60 90 - Lo 14,15
26 White Mountains RL+N 0 20 335 60 100 - 1.0/ 14,15
27 Excelsior N 0 20 245 60 33 - 3.0 14,15
28 Rattlesnake N 0 20 245 60 33 - 3.0/ 14,15
29 Warm Springs V. RL 0 20 315 90 100 - 3.0/ 14
30a Cascadia megathrust RL+T 10 20 358 14 70 30 0.0 23
30b Cascadia megathrust RL+T 10 20 358 13 70 30 0.0 23
3la Cascadia megathrust RL+T 0 10 358 14 55 30 30.0 23
31b Cascadia megathrust RL+T 0 10 358 13 70 30 22.5 23
32 Cascadia megathrust RL+T 10 20 358 11 126 35 0.0 23
33 Cascadia megathrust RL+T 0 10 358 11 126 35 35.0 23
34 Cascadia megathrust RL+T 10 20 359 9 126 35 33 2425
35 Cascadia megathrust RL+T 0 10 359 9 126 35 35.0 24,25
36 Cascadia megathrust RL+T 10 20 358 10 126 35 17.1 2425
37 Cascadia megathrust RL+T 0 10 359 9 126 35 0.0 24,25
38 Cascadia megathrust RL+T 10 20 358 10 137 35 20.0 24,25
39 Cascadia megathrust RL+T 0 10 358 9 137 35 0.0 24,25
40 Cascadia megathrust RL+T 10 20 358 9 115 35 32.0 24,25
41 Cascadia megathrust RL+T 0 10 359 9 105 35 0.0 24,25
42 Cascadia megathrust 10 20 337 8 125 40 26.9 24,25
43 Cascadia megathrust T 0 10 337 8 100 40 40.0 24,25
44a Cascadia megathrust T 10 20 322 13 103 43 30.2 24,25
44b Cascadia megathrust T 10 20 322 13 103 43 39.5 24,25
45a Cascadia megathrust T 0 10 322 12 103 43 0.0 24,25
45b Cascadia megathrust T 0 10 322 12 103 43 40.6 24,25
46 Juan de Fuca tr. RL 0 20 80-120 90 920 - 55-60 1
Juan de Fuca Ridge N 0 20 0-40 90 917 - 55-60" 1
47 SAF Parkfield RL 0 20 105-145 90 195 - VE 17 [4-11]

+ Chalome+Carrizo
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Table 2. (Continued.)

No. Fault name Type® df,’ dy Strike Dip Length s,”,i &(el) References
(km) (km) () () (km) (mmyr~') (mmyr~")
48 SAF Mojave RL 0 20 110-120 90 134 - VE 17 [12-16]
49 SAF San Bernardino RL 0 20 100-125 90 80 - VE 17 [17-21],17
50 SAF Coachella RL 0 20 115-135 90 115 - 25/ 17 [22-26]
51 San Jacinto RL 0 20 125-140 90 168 - 5.6 17 [27-35]
52 San Jacinto RL 0 20 120-135 90 119 - 15.0 17 [36-41]
53 Elsinore RL 0 20 112 90 38 - 3.0 17 [42]
54 Elsinore RL 0 20 125-140 90 153 - 5.0 17 [43-50]
55 Elsinore RL 0 20 105-125 90 39 - 4.0 17 [51-52]
56 Imperial RL 0 20 130-145 90 159 - 39 17 [53-57]
57 Laguna Salada RL 0 20 120-140 90 95 - 4.0 17 [58-62]
58 Garlock LL 0 20 50-65 90 103 - 7.1 17 [63-66]
59 Garlock LL 0 20 70-90 90 133 - 7.0 17 [67-71]
60 Sierra Madre T 0 20 260-295 53 101 - 4.0 17 [72-75]
61 Palos Verdes RL 0 20 135-150 90 74 - 3.0 17 [76-77]
62 Pisgah RL 0 20 145 90 100 - 5.0 17 [79]
63 Ventura S. Cayetano T 0 20 261 50 14 - 5.0 17 [80]
64 Ventura S. Cayetano T 0 20 299 40 14 - 8.0/ 17 [81]
65 Ventura S. Susana T 0 20 276 60 32 - 5.00 17 [82]
66 Ventura Oakridge T 0 20 60-90 55 46 - 5.0/ 17 [83-86]
67 Santa Monica T 0 20 255-270 20 167 - 4.0/ 17 [87-91]
blind thrust
68 Brawley RL 0 20 161 90 51 - 25/ 17 [92]
69 San Cateyano T 0 20 270 20 183 - 5.0 17 [93]
blind thrust
70 Santa Monica LL 0 20 255-275 90 119 - 3.0/ 17 [94-98]
71 Owens Valley RL 0 15 340 90 100 - VE 19
72 Panamint Valley RL 0 20 157 90 172 - 2.5 14,20
73 Airport Lake RL 0 20 340 90 110 - 5.3/ 20
74 Calico-Blackwater RL 0 20 134 90 120 - 5.0 20
75 Death Valley RL 0 20 345 90 100 - 2.8 14,20
76 Fish Lake+Fish Creek RL 0 20 319 90 160 - 3.0/ 14,20
77 White Wolf LL+4+T 0 20 51 75 53 - VE 21
78 Landers rupture RL 0 20 355 90 76 - VE 22
79 Gulf of Calif. tr. RL 0 20 317 90 500 - 49 1
80 Russ RL+T 0 10 305-330 85 114 - (10,08 26
81 Expl. plate interface LL+T 0 20 322 26 240 15-20 18.0 27
82 Nootka tr. LL 0 20 48 90 190 - 25/ 27
83 Mendocino tr. RL 0 20 140 90 - - 28-45" 23
+ Gorda Ridge N 0 20 50-58 90 - - 28-55/ 23
84 Explorer-P tr. RL 0 20 140 90 - - 50/ 27
+ Explorer Ridge N 0 20 50-58 90 - - 50/ 27
85 N Vancouver f.. RL+N 0 20 172-225 90 330 - 3 25
86 W Olpmpic Peninsula T 0 20 337 45 125 14 - 37
accretion zone
87 Hood Canal f. LL 0 20 30 90 70 - 3.1 35,36
88 unnamed f. RL 0 20 30 90 140 - 2.7
89 Tacoma f.z. T 0 20 280 45 80 - 1.0 38
90 Seattle f.z. T 0 20 100 45 100 - 4.0 34,36,38
91 Devils Mountain f. LL+T 0 20 270-277 60 150 - of 39
92 Southern Whidbey f.z. T 0 20 310 60 80 - o 40
93 Grays Harbor T 0 20 300 45 100 - 4.9 41,42
94 San Gregorio-Sur RL 0 20 323-339 90 270 - 6 28
95 San Simeon- Hosgri RL 0 20 327-345 90 150 - i 29-31
96 Oceanic-west Huasna RL 0 20 296-340 90 134 - 5 30,31
The angular velocity vectors describing the JAF, OC, NA and Expl Wpxplna = (54.0°N, —129.0°E, 2.44° Myr™h). (4)
relative plate motions are given by
_ o o o -1 The NA-JdF and Expl-NA motions are those prescribed by
@xa-ar = (33.92°N, —115.34°E, 1.513"Myr™) @ McCaffrey et al. (2007) and Braunmiller & Nabelek (2002), re-
spectively. The OC-JdF motion in eq. (3) was determined as the
woc—jar = (12.70°N, —110.46°E, 0.554° Myr‘l) 3) difference between wna—jqr and the OC-NA angular velocity vector
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Table 2. (Continued.)

No. Fault name Type? df] dy Strike Dip Length s,”,i &fl) References
(km) (km) (©) () (km) (mmyr~") (mmyr~")

97 Santa Maria River RL 0 20 161 90 51 - 25/ 30,31

98 Oak Ridge offshore T 0 20 95 60 50 - 6 32,33

Notes: VE, Fault included through viscoelastic model. 1, DeMets et al. (1994); 2, Freymueller ez al. (1999); 3, Williams et al. (2006); 4, Murray & Segall
(2001); 5, Simpson et al. (2001); 6, d’Alessio et al. (2005); 7, Marshall et al. (1991); 8, Pollitz & Nyst (2004); 9, Caskey et al. (1996); 10, Wallace (1977); 11,
Hetland & Hager (2003); 12, Bell et al. (1999); 13, DePolo et al. (1997); 14, Stewart (1988); 15, Wesnousky (2005); 16, McCrory et al. (2004); 17, Deng &
Sykes (1997), numbers in brackets refer to segment numbers in their table 1; 18, Meade & Hager (2005); 19, Dixon ef al. (2003); 20, McClusky et al. (2001);
21, Bawden (2001); 22, Wald & Heaton (1994); 23, Wilson (1989); 24, Wilson (2003); 25, McCaffrey et al. (2007); 26, McCrory (2000); 27, Braunmiller &
Nabelek (2002); 28, Rolandone et al. (2008); 29, Dickinson et al. (2002); 30, Hanson et al. (2004); 31, Lettis et al. (2004); 32, Fisher et al. (2005); 33, Sorlien
et al. (2005); 34, Nelson et al. (2003); 35, Haug (1998); 36, Johnson ef al. (1999); 37, Pazzaglia & Brandon (2001); 38, ten Brink ez al. (2002); 39, Johnson

et al. (2001); 40, Johnson et al. (1996); 41, McCrory (1996); 42, McCrory et al. (2002).
“RL, right-lateral strike slip; LL, left-lateral strike slip; T, dip-slip (thrust); N, dip-slip (normal).

bUpper fault edge depth.
“Lower fault edge depth.

45, on creeping faults #11, 14—15 and 86 and megathrust segments 30—45a and 81. o
5m except on megathrust segments #3045 and 81, where it is the ‘seismic slip rate’ §5;'5™¢.

7Slip rate fixed in inversion.
8Right-lateral strike-slip rate, dip-slip rate.

of (45.16°N, —119.01°E, —1.019° Myr~') given for the Northern
Oregon Coast Ranges in table 2 of McCaffrey et al. (2007).

Velocity relationships among the plates around the Mendocino
Triple Junction are given in Appendix B. These serve to prescribe
the velocity and azimuth of relative plate motion along various parts
of the Gorda Plate interface.

Fault #86 is meant to accommodate NE-SW horizontal shorten-
ing within the Olympic Mountains. This region has rapid short-term
uplift (Savage et al. 1991), and the crustal velocity field obtained
after correcting for elastic locking effects on the megathrust has
several mm yr~' residual horizontal contraction parallel to the plate
convergence direction (Mazzotti et al. 2002). This is true for the
present model as well, which exhibits about 14 mm yr~" net short-
ening across the Olympic Peninsula, about 8 mmyr~' of which
remains after correction for the effects of the viscoelastic cycle on
the megathrust (profile CD of Fig. 7). Fault #86 is a crude approx-
imation to a likely broad zone of shortening and uplift of the re-
gion, which may be frontally accreting and thus concentrated in the
western Olympic Peninsula (Pazzaglia & Brandon 2001). Fault #93
represents a collection of thrust faults mapped on the Washington
coast between Grays Harbor and the Quillayute River (near 47°N)
accommodating northward shortening (McCrory 1996; McCrory
et al. 2002; McCaffrey et al. 2007). The onland structures extend
considerably offshore to the shelf part of the accretionary margin.
The chosen dislocation plane represents the western portion of a
diffuse boundary between the northward-translating OC block and
the North American Plate. Faults #87 and 88 follow well-defined
lineaments of seismicity. Fault #87 is the Hood Canal-Discovery
Bay fault, which is expressed chiefly through sharp geophysical
discontinuities and appears to deform Quaternary deposits (Haug
1998; Johnson et al. 1999). Fault #88 may accommodate right-
lateral strike slip based on focal mechanisms (McCaffrey et al.
2007).

The Tacoma and Seattle fault zones (faults #89-90) are part of a
broad zone of NS contraction between the OC block and Vancouver
Island and the Coast Range of British Columbia, which is consid-
ered to behave as a rigid backstop. This zone accommodates about
4 mmyr~! N30°E contraction, of which about 3 mmyr~! remains
after removal of the viscoelastic cycles on the megathrust (pro-
file AB of Fig. 7). We model the zone using the south-dipping
floor thrust and north-dipping back thrust of Brocher ef al. (2004)
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which bound the Seattle Uplift between the Tacoma and Seattle
fault zones. This overall zone of convergence may include other
active faults such as the Olympia fault (Stanley et al. 1999). Slip
inferred on the idealized Tacoma and Seattle faults may represent,
in part, slip on other components of this plate boundary zone. The
amount of modelled slip on the summed faults #89 and 90 (which
are dipping 45°) is constrained to be 5 mm yr~!, which corresponds
to summed horizontal slip rate of 3.5 mmyr~'.

With w given by the appropriate angular velocity vector from eqs
(2) to (4), the long-term relative motion rate and azimuth at a point
r representative of the footwall of a fault segment on the megathrust
is then

$=wXF. 5)

The slip rates $,, on the megathrust provided by eq. (5) are di-
vided into seismic and aseismic components §$M¢ and §aseismic,
respectively. The seismic components are assumed to occur in
seismic events at regular intervals T with slip magnitude §5mi¢ x T,

and the aseismic components are assumed to be accommodated by
steady aseismic creep. The two slip rates must satisfy

., seismic . aseismic
N +,

: <. seismic : . aseismic :
m = Sm, 0 = S = Sm, 0 =< S = Sm-

(6)
Since, for a given megathrust fault segment, the two parameters
under the constraint in eq. (6) have only one degree of freedom,
we may reduce §55Mi¢ and §3Mic to one free parameter by sup-
posing that (1) the fault ‘creeps’ at the rate $,, and (2) the fault
has an additional slip rate $3™ that is released in periodic seis-
mic events and is compounded by steady creep at the rate —sseismic,
With this simplification, model parameters include §<™° on the
megathrust and §,, on other faults. We assume an average recur-
rence interval of Cascadia megathrust earthquakes of 77 = 500 yr
(Adams 1990; Atwater & Hemphill-Haley 1997). This treatment is
an improvement with respect to the slip model of Pollitz ez al. (2008)
(their fig. 16) because that study did not account for the aseismic
component of the total slip budget on the megathrust ssismic,

It has been noted by Leonard ez al. (2004) that slip in the 1700
Cascadia earthquake may have exceeded the slip accumulated in
an average ~500-800-yr average earthquake cycle. In trial models
we have allowed for an ‘excess’ slip above that which would be
accumulated in a 500 yr earthquake cycle and found that such slip
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is not needed to fit the interseismic velocity field, nor does the
introduction of such slip improve the fit.

5 INVERSION FOR DEFORMATION
PARAMETERS

For a given viscoelastic structure the interseismic velocity field
depends upon a combination of slip rates $, (for faults imple-
mented with the time-independent relationship, i.e. category 2 and
3 sources) and characteristic slip values s,, for faults implemented
with the time-dependent relationship (i.e. category 1 sources). In all
models, table 3 source faults—excluding the Cascadia megathrust
faults (#30-45) and ‘VE’ faults—are implemented with a time-
independent relationship between slip rate and crustal velocity.
Among these, source faults #11, 14-15 and 86 are implemented
as category 4 sources and the remainder as category 2 sources. The
Cascadia megathrust faults (#30-45) and ‘VE’ faults listed in table 3
of Pollitz et al. (2008) are implemented with a time-dependent rela-
tionship between recurring earthquake slip and subsequent crustal
velocity, that is, category 1 sources. The time-dependent crustal
deformation field depends on the time elapsed since the last major
event and the recurrence interval, which are given in that table.

The distributed moment release ") (r’) (category 3 source) and
lateral variations in rigidity §4(r") (category 5 source) are expanded
in terms of a set of smooth basis functions covering portions of the
western US (Pollitz et al. 2008). The expansion coefficients, §5mic,
and As,, are estimated by linear inversion of the GPS velocity field
using the methodology given in section 4 of Pollitz et al. (2008).
Several of the slip rates are fixed at independently determined values
in areas where the GPS data is deemed insufficient to estimate a slip
rate (Pollitz et al. 2008).

6 RESULTS

In all models, the slip on the Cascadia megathrust is partitioned into
seismic and aseismic slip subject to the relationship and inequalities
ineq. (6). On a given segment, in instances where §5™ consistently
exceeds these bounds in trial inversions (i.e. slip rate less than zero
or greater than the long-term slip rate 3,,), §55™ is held fixed at the
endpoint value (zero or $,,).

In the MT]J area (Fig. 8), both right-lateral slip and reverse slip
are allowed on the Little Salmon, Russ, and Mad River faults (faults
#2,2a and 3). In trial inversions, we find that non-negative slip rates
are realized for the dip-slip component of the Mad River fault zone
and strike-slip components of the Little Salmon and Russ faults.
Consequently, the dip-slip component of the Little Salmon and Russ
faults and the strike-slip component of the Mad River fault are fixed
at zero. Inversions without restriction on the strike slip of the Little
Salmon fault and Russ fault or reverse slip of the Mad River fault
yield >10 mmyr~! corresponding rates. Therefore, we assign 10
mm yr~! of strike slip on the Little Salmon fault and Russ fault and
10 mm yr~! reverse slip on the Mad River fault. All assigned rates
are larger than the 4-5 mmyr~! geological slip rate estimated for
the Mad River fault (McCrory 2000), but it reflects the tendency of
inversions to distribute >30 mm yr~! strike slip on the entire system
of faults. It is possible to vary the distribution of right-lateral slip
on the various faults, and trade-offs with the right-lateral slip rate
of the Russ fault are explored in Section 7.2.

We refer to the resulting model, consisting of slip-rate values and
distributions of 8 and vertically integrated (") as the Western US
(WUS) deformation model. Inverted slip-rate parameters are listed
in Table 2, and Fig. 9 shows the resulting distribution of . The

-124 120

-116 -112 -108

Bl GPa

15 -10 -5 0 5 10

Figure 9. Distribution of shear modulus perturbation § 1 averaged over the
thickness of the elastic lithosphere.

distribution of vertically integrated 72" is similar to that presented
and discussed in section 8.3 of Pollitz ef al. (2008). Fig. 10 shows
the residual fit of the model to the GPS data set. Root-mean-square
residuals are 2.1 mmyr~.

The pattern of observed and modelled strain rate fields are shown
in Fig. 11, where the strain field is depicted as the second invariant of
the strain rate field 7, (Jaeger & Cook 1984). The WUS deformation
model replicates the observed strain field in most areas, including
the SAF system, ECSZ, and Walker Lane, with a small residual
strain rate field (Fig. 11c¢).

7 DISCUSSION

7.1 Lateral Variations in Rigidity

Lateral variations in rigidity (Fig. 9) are largest along parts of the
SAF, ECSZ and ISB. Low rigidity values could be interpreted
equally well as steady slip along the fault zone (averaged over the
depth extent of the elastic layer) or reduced effective elastic plate
thickness. The former interpretation is supported by the correlation
of these zones with seismicity (fig. 3 of Pollitz et al. 2008), while
the latter interpretation is supported by the correlation of these
zones with elevated surface heat flow (e.g. Humphreys et al.
2003) and low seismic velocities in the uppermost mantle (Pollitz
2008). Pollitz et al. (2008) notes that the pattern may be indicative of
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Figure 10. Residual fits of the model to the observed interseismic velocity field around the Mendocino triple junction, San Francisco Bay area, and Pacific
Northwest. Residual fits of the model to the observed interseismic velocity field in southern California and the Great Basin.
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Figure 11. Second invariant of strain rate shown for: (a) Observed interseismic velocity field, (b) Model interseismic velocity field, (c) residual velocity field
and (d) residual velocity field obtained when lateral variations in rigidity and distributed deformation are omitted from the model.
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active slip in the deeper elastic lithosphere, based on the presence
of numerous fault strands (fig. 38 of Wesnousky 2005) for cen-
tral Walker Lane and inferred localized deformation (i.e. deep slip)
(Chang & Smith 2002; Puskas & Smith 2009) for the Wasatch Front.

<~— 10 mm/yr TR
Major-Fault
Earthquake
Cycles

-128 -124

-132 -120 -116 -112 -108

52

[ |
-112 -108

[ 1
-116

-132 -128 -124 -120

Rigidity perturbations are also associated with elevated strain rates
(fig. 4 and table 6 of Puskas & Smith 2009), negative § i tending to
amplify the predicted strain rate regardless of tectonic regime. That
is, relatively low rigidity along the ECSZ and Walker Lane tends

<~— 10 mm/yr

Rigidity N
Perturbations and |
Distributed Deformation

-128 -124 -120 -116 -112 -108

-132
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Other
sources
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Figure 12. Model GPS velocity field shown for four separate components: (a) that associated with major-fault earthquake cycles (i.e. those of Fig. 6), including
steady slip on parts of the SAF and Cascadia megathrust, (b) lateral variations in rigidity and distributed deformation, (c) ridges and transform faults associated
with the Gorda, Juan de Fuca, and Explorer plates, (d) all other faulting sources, (¢) an additional rotation to a fixed North America reference frame (eq. 8 of
Pollitz et al. 2008) and (f) the total model velocity field, which is the sum of the components in (a)—(e) and is directly comparable with the observed velocity
field in (g, which is subsampled from the velocity field in Fig. 2). Note that for visual clarity, the plotted velocity fields greatly subsample the actual velocity

fields.
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to amplify right-lateral horizontal strain along NW-trending axes,
whereas along the ISB it tends to amplify E-W normal faulting
with a small amount of counter-clockwise rotation (Fig. 4). This as-
sociation suggests that the mechanism of laterally varying rigidity
is generally needed to produce elevated geodetic strain rates that
may not be produced by other means (e.g. post-earthquake relax-
ation), and it highlights the utility of interseismic strain rates for
illuminating this mechanism (Chéry 2008). If steady slip is the
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causative mechanism in the rigidity pattern (Fig. 9), then such
slip is inferred along essentially two continuous zones begin-
ning in the southern ECSZ and continuing along both the ECSZ
(to southern Oregon) and the ISB; a gap in du along the
ISB in northern Arizona is due to the paucity of data in that
region.

To illustrate the composition of the net strain rate field in the
western US, the model velocity field field is divided into four
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Figure 13. Second invariant of strain rate shown for four model components described in Fig. 12.

separate components [Figs 12a—d—those associated with major
earthquake cycles, lateral variations in rigidity plus distributed de-
formation, i.e. that arising from the m®* and m") terms of eq. 1],
oceanic ridges and transform faults, and all other sources. The total

model velocity field in Fig. 12(f) is composed of these compo-
nents plus an additional rotation (Fig. 12e), and it replicates the
observed velocity field (Fig. 12g). The corresponding model strain
rate field is shown in Fig. 13. It is noteworthy that combined lateral
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Figure 14. (a) Observed strain rate field derived from the GPS velocity field (Fig. 3), represented by the amplitudes and directions of the principal strain rate
axes (thick and thin line segments denoting a principal contractile or tensile strain rate axis, respectively) and rotation rate (indicated by color shading). (b)

Residual strain rate field derived from the residual velocity field (Fig. 10).

variations in rigidity and distributed deformation (Fig. 13b) account
for ~10 mm yr~! net motion of the west coast with respect to the
plate interior (Fig. 12). In terms of strain, they contribute a substan-
tial signal to 7, in the ECSZ, Walker Lane, and part of the ISB. When
these components are omitted, rms residuals increase from 2.1 to
3.3 mmyr~! (i.e. the residual variance of the velocity field increases
by a factor of 2.5) with correspondingly greater /, (Fig. 11d). An
F-test indicates that the inclusion of these components is significant
at nearly the 100 per cent confidence level, similar to the finding of
Pollitz et al. (2008).

7.2 Mendocino triple junction

The observed strain rate field (Fig. 14a) illustrates the transition
from predominantly right-lateral shear on the NNW-trending SAF
system to east—west compression along the megathrust. The tran-
sition occurs near the northern terminations of the Maacama and
Bartlett Springs faults and northward through the Little Salmon and
Mad River faults, where contractile principal strain axes encourage
dip-slip. In the plate interior where effects of the megathrust are di-
minished, the deformation consists largely of positive (clockwise)
rotation, consistent with the rotation of the Oregon Coast block.
Fig. 14(b) shows the residual strain field. The WUS deformation
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model explains the primary patterns in the observed strain field,
including most of the contractile strain and rotation around the MTJ
and Humboldt Bay area faults.

The slip rates on the northern extensions of the SAF, Maacama
and Bartlett Springs faults (e.g. the Russ, Little Salmon and Mad
River faults) carry implications for the partitioning of slip at the
complex Mendocino triple junction. The WUS deformation model
(Table 2) is the case where the Russ fault accommodates 10 mm yr~!
strike-slip motion. Inversions that include its slip rate as an unknown
generally yield up to 20 mmyr~! strike slip motion. We test the
trade-off of estimated slip rates with respect to the Russ-fault slip
rate by inverting for slip rates on the Little Salmon and Mad River
faults for trial values of the Russ-fault slip rate between 0 and
20 mm yr~! (Fig. 15). The only non-negative slip rates obtained are
for strike slip on the Little Salmon fault and reverse slip on the Mad
River fault. These and similar inversions without constraints on the
slip values consistently yield ~25 mm yr~! reverse slip on the Mad
River fault, which we deem too large because such a large value
would allow little remaining shortening to occur in the megathrust;
we therefore fix its reverse slip at 10 mmyr~! in these inversions.
When strike slip on the Russ fault is factored in, the results in
Fig. 15 imply a net rate of right-lateral strike slip of ~30 mm yr™!
when summed over the Russ and Little Salmon faults. If rates of




686  F F Pollitz et al.

18

er Little Salmon fault: strike slip

_

mm/yr
o N » » (0] o N
1

0 5 10 15 20 25
Russ fault (mm/yr)

Figure 15. Estimated right-lateral strike-slip rate on the Little Salmon fault
as a function of strike-slip rate on the Russ fault. Reverse slip rate on the
Mad River fault is held fixed at 10 mmyr~!. Slip rates are plotted with &1
SD.

this magnitude are applicable, then the slip may be distributed on
numerous NW-trending structures (Fig. 8).

In the WUS deformation model (Russ-fault slip rate fixed at
10 mmyr~"), the Mad River fault zone accommodates most of the
dip-slip on crustal faults of the southern Gorda convergent mar-
gin, and this implies that a significant portion of the net Gorda—CC
convergence may be accommodated by crustal shortening in the
Humboldt Bay region. This pattern is consistent with the observed
velocity and strain fields after removing the contributions of the
GDZ and Juan de Fuca and Explorer plates on the respective mod-
els (Fig. 16). The plotted velocity field removes the contributions
of all dislocations associated with boundaries lying on one or more
of these plates, that is, faults #3046 and 81-84, plus a rigid rota-
tion (determined in the inversion) that adjusts the net model veloc-
ity field to a fixed North America reference frame (section 5.3 of
Pollitz et al. 2008). Since almost all of the remaining dislocations
after this correction are associated with the Pacific-North America
Plate boundary, the velocity field shown in Fig. 16 is effectively
with respect to a SAF-neutral reference frame, that is, an average
of velocity fields that would be obtained in fixed Pacific and fixed
North America reference frames, respectively. Contractile NE-SW
strain rates of ~3 x 1077 yr~! are seen around the Mad River fault
are explained by dip-slip on the that fault. Right-lateral shear strain
rates evaluated on the Little Salmon fault are 1.5 x 1077 yr~!,
leading to rates of ~15 mmyr~!' strike slip on this fault when in-
verted without an upper limit. There are substantial shear strain rates
~2 x 1077 yr~! evaluated on the Russ fault, which leads to
>10 mm yr~! rates of estimated right-lateral strike slip. Combined
strike slip and dip-slip on these models is sufficient to explain most
of the observed crustal deformation around Humboldt Bay, as evi-
denced by the small residual tensor strain and rotation (Fig. 14).

The preferred slip rate of ~10 mmyr~' on the Mad River fault
zone is robust with respect to alternative seismic and aseismic slip
rates on the megathrust, for example, in tests with variable s,, and
sseismic on megathrust segment #30b. This GPS-derived rate is larger
than geological estimates indicating ~ 4 — 5 mmyr~! across the
fault zone (McCrory 2000). Much of the additional reverse slip may
be accommodated in the offshore region where numerous thrust

structures are mapped (Carver 1992; Burger et al. 2002; Gulick
et al. 2002).

7.3 Cascadia megathrust

The coseisemic slip distribution of the 1700 Cascadia earthquake
may be estimated for megathrust fault #m as

seismic x T, (7)

slip,, =,
where $,, is the seismic component of slip on the Cascadia megath-
rust for segments #3045 (Table 1), the recurrence interval 7 is
500 yr. The resulting slip distribution is shown in Fig. 17. The
seismic component of slip on the Cascadia megathrust is given
by sseismic for faults #3045 and 81. The relatively low values at
latitude ~43.7—46°N indicate relatively little accumulation of seis-
mic strain off Oregon, in good agreement with independent infer-
ences (Mitchell ef al. 1994; Wang et al. 2003; Pollitz et al. 2008;
Burgette et al. 2009). The formal uncertainties in $5™ all lie be-
tween 0.5 and 1 mm yr~!, translating into corresponding uncertain-
ties in 1700 slip of 0.25-0.5 m. Due to trade-offs with other model
parameters, particularly viscoelastic structure, this slip distribution
is highly uncertain. A robust feature of the model, however, is the
large coseismic slip demanded for faults #42 and 43, without which
the large interseismic contraction observed in most of northwestern
Washington (e.g. Fig. 3) cannot be matched. Tests also indicate that
end-member slip distributions yield relatively poor fits to the GPS
data set. For example, if $5™° are constrained to equal the relative
plate motion rate $,, (i.e. the megathrust is fully locked), then av-
erage root-mean-square misfit increases from 2.1 to 2.5 mmyr~'.
If this fully locked model is regarded as a reference model, then
an F-test indicates that the preferred slip distribution (i.e. Table 2,
with variable ratio 5™ /3, ) is significant at nearly 100 per cent
confidence.

It is noteworthy that coseismic slip is concentrated in the upper
half of the slab interface south of 44°N and in the lower half of the
slab interface between 44°N and 47°N. This could reflect first-order
differences in the age of the subducted slab (e.g. Wilson 2003), the
volume of sediment being carried with the descending slab, and the
properties of the overriding Silezia Plate between 44°N and 47°N
(Wells et al. 1998). Based on the position of the coast relative to
the upper and lower halves of the slab interface, the coseismic slip
model would predict substantial coseismic coastal subsidence from
southern Oregon (Cape Blanco) to northern Washington. Coastal
subsidence predicted by the 1700 coseismic slip model is shown
in Fig. 18, where it is compared with estimates of coseismic subsi-
dence off the coasts of Washington, Oregon and Vancouver Island
(Leonard et al. 2004). However, predicted subsidence is about twice
as great as observed subsidence. This reflects the fact that most of
the coast is located directly above the downdip edge of modelled
slip. Predicted subsidence is very sensitive to the location of the
lower edge of a number of segments. Between 44° and 46°N, actual
slip (on faults #36, 38, 40) need not extend as deep as 20 km. Sim-
ilarly, slip off Cape Blanco (fault #35) need not be restricted to the
upper 10 km. We construct a revised coseismic slip model in which
the slip on faults #36, 38 and 40 is moved updip by 20, 15 and 12 km,
respectively, and slip on fault #35 is moved downdip by 5 km; the
width of the slipping regions and slip values are unchanged. In this
revised model (dashed curve in Fig. 18, the predicted subsidence
agrees roughly with the observation. Moreover, these revisions have
negligible impact on predicted interseismic motions. In detail, the
interpretation of coastal subsidence measurements is hampered by
uncertainties in the corrections made of raw measurements (global
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Figure 16. Left-hand panel: velocity field obtained after correcting the observed GPS velocity field (Fig. 3) for the effect of deformation associated with all
GDZ, Juan de Fuca, and Explorer plate boundaries. The sources that contribute to the correction are faults #30—46 and 81 of Table 1. Right-hand panel: strain
rate fields corresponding to the plotted velocity fields, represented by the amplitudes and directions of the principal strain rate axes (thick and thin line segments
denoting a principal contractile or tensile strain rate axis, respectively) and rotation rate (indicated by color shading). It is derived from the velocity field using
the velocity-gradient determination method described in appendix A of Pollitz & Vergnolle (2006).

sea level rise; tectonically induced interseismic uplift; postglacial
rebound—Satake et al. 2003; Leonard et al. 2004) and in the re-
lationship between 1700 coseismic slip and intersesimic velocity
using an idealized rheology with poorly constrained viscosity val-
ues.

The WUS deformation model does not incorporate interseismic
vertical strain rates derived from combined levelling profiles and
tidal records (e.g. Mitchell ez al. 1994; Burgette et al. 2009). These
data may be able to refine the location of the locked-transition zone
boundary on the Cascadia subduction fault in future models as
vertical land-level changes occur above the locked portion of the
fault.

7.4 Mantle viscosity around the Cascadia megatrust

The contribution of post-1700 relaxation to the crustal velocity
field is such as to produce strong westward velocity at the coast
early in the cycle (with corresponding E-W extension) and moder-
ate eastward velocity in the middle to late part of the cycle (with
corresponding E-W contraction) (fig. 19 of Pollitz ef al. 2008). The
present contribution is such as to produce E-W contraction south
of 47°N and SW-NE contraction north of 47°N (Fig. 4). The WUS
deformation model, which uses the laterally homogeneous struc-
ture (fig. 7 of Pollitz et al. 2008, mantle viscosity of 10!° Pa s) and
source parameters of Table 2, however, underpredicts the amount
of eastward motion at the coast between 44° and 47°N by ~3—
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4 mmyr~! (Fig. 19) and consequently the amount of E-W contrac-
tion at the coast (Fig. 20). The post-1700 relaxation is sensitive to
the mantle viscosity, and an increase in viscosity produces larger
coastal contraction by virtue of using an infinite series of relaxation
from past (assumed periodic) 1700-type events, as prescribed by
the first term of eq. (1). We tested the effect of increasing the man-
tle viscosity for the time-dependent response functions of faults
#3641 off Oregon and southern Washington, using the original
viscoelastic structure for all other time-dependent sources, that is,
those of table 3 of Pollitz et al. (2008). Modest changes in mantle
viscosity yield almost identical slip rates on Cascadia megathrust
segments but change the amount of predicted coastal convergence.
A factor of three increase in mantle viscosity suffices to replicate
observed E-W motions (Fig. 19) and consequently the observed
coastal contraction (Fig. 20). This indicates that the effective man-
tle viscosity, at least near the Oregon and southern Washington
sections of the Cascadia megathrust, is larger than elsewhere in
the western US, likely because of the presence of the downgoing
slab.

7.5 Western Washington

Reverse faulting within the Olympic Peninsula and eastern Puget
Lowland zones explains observed contraction within these regions.
The observed contraction, after correction for the effects of the
viscoelastic cycle on the megathrust, is about 8 mmyr~! N67°E
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Figure 17. Slip distribution of the 1700 Cascadia event. Slip values are in
metres and are uniform on each of the 18 patches representing the inter-
plate boundary (McCrory et al. 2004). The slip distribution has moment
magnitude My, = 9.1.

within the Olympic Peninsula and 3 mmyr~! N30°E around the
eastern Puget Lowland (Fig. 7). The residual contraction is negli-
gible (Fig. 7). Within the Olympic Mountains this is accomplished
with reverse faulting on a fictitious structure localized in the western
Olympic Peninsula. It is a proxy for a likely continuous crustal flow
field associated with the accretionary wedge (Pazzaglia & Brandon
2001). The horizontal shortening of 10 mm yr~' across fault #86
(representing the Olympic peninsula) needed to match the observed
shortening considerably exceeds the ~4 mmyr~! shortening in-
ferred by Pazzaglia & Brandon (2001) based on stream terrace
analysis; it correspondingly implies that about 50 per cent of the
observed instantaneous shortening across the Olympic peninsula is
due to long-term shortening of the Olympic peninsula, and the re-
maining 50 per cent due to the effect of the slab. Our result is larger
than the ~20 per cent attributable to long-term shortening stated by

1700 Coseismic Subsidence

(m)
A o
o o o

[

Subsidence

o

© ©
o

42 44 46
Latitude (°N)

Figure 18. Coastal subsidence as a function of latitude predicted by the
1700 coseismic slip model of Fig. 17. Solid curve is the model on the
original 1700 slip planes (faults #3045 in Table 2), and dashed curve is
a revised model with the same slip values and fault width but changes in
the depth range of coseismic slip for faults #35, 36, 38 and 40 (described
in section 7.3). Grey shading indicates estimated coastal subsidence within
range of errors from fig. 13(b) of Leonard et al. (2004).

Pazzaglia & Brandon (2001) and the effectively nil contribution of
long-term shortening in the model of McCaffrey et al. (2007) (pro-
file 6 in their fig. 10a). Thus the amount of long-term shortening
inferred by Pazzaglia & Brandon (2001) is about mid-way between
the shortening used in the model of McCaffrey et al. (2007) and
the present study. This highlights a clear difference between the
block-model and viscoelastic-cycle approaches, which we attribute
to the time dependence of interseismic velocity resulting from vis-
coelastic cycles on major faults, including the Cascadia megathrust.
The disparity between the two approaches could be reduced if the
velocity field were corrected for time-dependent effects, which is
feasible in the block modelling approach (Puskas & Smith 2009), or
if the western Olympic Mountains structure were simply included
in the catalogue of faults used in the block model. In the realm of
the present approach, the long-term shortening rate in the Olympic
peninsula trades off with local viscosity structure, and it is conceiv-
able that a lower long-term shortening rate is admissible provided
that local mantle viscosity is higher, as was noted for southern
Washington and Oregon in Section 7.4.

In the eastern Puget Lowland the observed contraction is ac-
commodated with a net 5 mmyr~! slip on the 45°-dipping
Tacoma/Seattle faults, amounting to 3 mm yr~! horizontal slip rate.
The inferred 4 mmyr~! on the Seattle fault is considerably larger
than the ~1 mmyr~' Holocene slip rate estimated on the Seat-
tle fault zone (Johnson et al. 1999). This may reflect reverse slip
on additional faults over a broader region that is being projected
onto the Seattle fault in our model, for example, additional faults
around Puget Sound (Johnson ez al. 1996, 2001) or the Olympia
fault (Stanley et al. 1999). The ~3 mmyr~! geodetic shortening
rate is consistent with the inference of ~36 m horizontal shortening
of the region during the Holocene, based on palacoseismic inves-
tigations of 11 faults in the Eastern Puget Sound (Sherrod et al.
2008b).

About 3 mmyr~! left-lateral slip is inferred on the Hood Canal
fault (Table 2). This is consistent with left-lateral slip on the nearby
Saddle Mountain East fault (Wilson et al. 1979) and Canyon
River fault (Walsh & Logan 2007). This zone is interpreted to
be a shear zone caught between the Olympic Mountains and the
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Figure 19. Left-hand panel: observed velocity field and (middle and right) residual velocity fields using a mantle viscosity of 10! Pa s and 3 x 10! Pa s
for the post-1700 response of megathrust segments #36-41. The residual velocity field with mantle viscosity 10'° Pa s exhibits ~3—4 mm yr~! unpredicted
eastward motion at coastal sites between 44° and 47°N, leading to an underprediction of coastal contractile strain rate (Fig. 20). This is remedied by increasing
the mantle viscosity to 3 x 10'° Pass.

northward-translating East Puget Lowland (McCaffrey et al. 2007, the values that the inversion would formally yield for these faults
Witter ef al. 2008). The 3 mmyr~! inferred for the Hood Canal (12.2 £ 1 and 6.9 & 1 mmyr~!, respectively. The formally inverted
fault may be distributed on several left-lateral faults on the eastern values may result from neglect of systematic signals in this area,
border of the Olympic Mountains. for example, several slowly slipping other minor faults (McCaffrey

Slip rates of 2 mmyr~! given in Table 2 for the both Devils et al. 2007) or an inaccurate viscoelastic model. We deemed these
Mountain fault and southern Whidbey fault are much smaller than values unrealistically large given the palacoseismic history of these
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Figure 20. Magnitude of east—west contractile strain using the observed
velocity field (Fig. 19) and as predicted by models derived using the original
viscoelastic structure (fig. 7 of Pollitz et al. 2008, mantle viscosity of 10'° Pa
s) and a revised viscoelastic structure (mantle viscosity of 3 x 10'Y Pa s for
the post-1700 response of megathrust segments #36—41; mantle viscosity
of 10'? Pa s for all other time-dependent sources listed in table 3 of Pollitz
et al. 2008). The contractile strain rate is evaluated at longitude 123.6°W
using the method in section 5.3 of Pollitz et al. (2008).

faults, which suggest on the order of 1 mm yr~! slip rates (Johnson
et al. 1996, 2001; Sherrod et al. 2008a) and repeated the inversion
assigning the given values. The left-lateral transpression on the
Devils Mountain fault (Table 2) may be distributed on several faults
within the eastern Strait of Juan de Fuca (Johnson et al. 2001,
2004). Similarly, reverse slip on the southern Whidbey fault may
be distributed on several subparallel strands (Johnson et al. 1996;
Sherrod et al. 2008a).

8 CONCLUSIONS

Using a new compilation of regional GPS data spanning the western
US, we construct a viscoelastic-cycle model of interseismic crustal
deformation. This model (named the WUS deformation model) de-
pends on the viscoelastic stratification of the lithosphere and upper
mantle, fault slip rates, and slip of selected past large earthquakes.
It is driven by time-independent relaxation (i.e. deformation rates
averaged over all seismic cycles) for numerous minor faults and
time-dependent (i.e. viscoelastic) relaxation for major faults, and it
uses numerous onland faults and includes the offshore GDZ and the
Juan de Fuca and Explorer plates.

The detailed data set and interpretation method reveal new details
of selected regions. Models require significant amounts of strike slip
continuing from the San Andreas fault system northward of the MTJ
to major Humboldt Bay faults (Russ and Little Salmon faults), and
part of the GDZ convergence is accommodated by dip-slip on the
Mad River fault and likely other nearby thrust structures. Mantle re-
laxation from the 1700 Cascadia earthquake and similar-sized prior
events shapes the velocity fields near the coasts of northern Cali-
fornia, Oregon, Washington, and Vancouver Island. For an assumed
viscoelastic structure, the interseismic velocity field yields a rough
estimate of the amount of coseismic slip in the 1700 earthquake,
increasing to 20 m off northern Washington. SW-NE contraction
in western Washington demands additional sources of faulting in
the upper plate. Based on the amount of contraction remaining
after correcting for the viscoelastic cycle on the megathrust, two
main sources of such faulting are identified as the Tacoma/Seattle
fault zones and an inferred zone of steady slip within the Olympic

peninsula. These and other minor sources of faulting in western
Washington accommodate the large SW—NE stresses imparted by
the descending slab off the Olympic peninsula and by the northward-
translating Oregon Coast block.
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APPENDIX A: FAULTS USED IN
DISLOCATION MODELLING

The faults used in this study are shown in Figs Al and A2. They
include all faults used in Pollitz ef al. (2008) (faults #1-79 in their
table 1) and several additional faults (Table 2). Among the addi-
tional faults, fault #81 accommodates subduction of the Explorer
plate beneath the North American plate (Braunmiller & Nabelek
2002). Fault #82 accommodates left lateral strike slip between the
Explorer and Juan de Fuca plates. Fault #85 accommodates rela-
tive motion of northernmost Vancouver Island with respect to south
Vancouver Island (McCaffrey et al. 2007). Fault #83 represents the
faults bounding the Gorda deformation zone (GDZ, that portion
of the Juan de Fuca Plate adjacent to the Gorda Ridge) and Pa-
cific Plate and consists of the Mendocino transform and the Gorda
Ridge, with variable spreading rates given by Wilson (1989). Fault
#80 is the Russ fault, striking N22—45°W and dipping 85°. Like
the Little Salmon fault (fault #2) and Mad River fault (fault #3), it
may accommodate a combination of right-lateral and reverse slip.
Faults #30a, 31a, 30b and 31b are subdivisions of the larger faults
#30 and 31 used in Pollitz e al. (2008), and similarly for faults
#44a,45a,44b,45b. Faults #32-35 have undergone slight revisions
with respect to their implementation in Pollitz ef al. (2008).
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Offshore Cascadia Northern California+Nevada
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Figure Al. Surface projections of faults planes used in the dislocation modelling (Table 2). Purple planes are creeping faults. Light blue planes are transform
faults and spreading centres associated with the Pacific—Juan de Fuca Plate boundary. Dark blue planes are a 16-plane approximation to the Juan de Fuca—North
America convergent Plate boundary (Cascadia megathrust). Yellow planes are faults #5-98 of Deng & Sykes (1997). Green planes are additional faults based
on other references provided in Section 4.
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Southern California

Figure Al. (Continued.)

Creeping S. Calaveras+SAF

Figure A2. Surface projections of creeping southern Calaveras and San
Andreas faults planes used in the dislocation modelling (Table 2).
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APPENDIX B: VELOCITY
RELATIONSHIPS AROUND
MENDOCINO TRIPLE JUNCTION

Fig. B1 illustrates the relative velocities among several plates at a lat-
itude of about 41°N. It highlights the fact that the eastern GDZ, par-
ticularly the southeast GDZ, moves several mm yr~! southeastward
relative to the southwestern GDZ because of combined north—south
contraction and east—west extension within the plate as deduced by
mapping of magnetic lineations (Wilson 1989; Gulick et al. 2001;
Chayton et al. 2004) and seismic focal mechanisms (Fig. 8). We rep-
resent the internal GDZ kinematics with a distribution of left-lateral
strike-slip faulting in the internal deformation zone, amounting to
10 mm yr~! north-south shortening and 10 mmyr~' of east-west
extension across the zone. Hence the relative motion between the
southeast GDZ and northern California is up to 10 mmyr~! larger
than would be expected for the relative motion between the south-
western GDZ and northern California. The azimuth of relative mo-

kinematic model. This is a consequence of variable motion of the
northern California coast (Wilson 1989). The northward component
of this motion diminishes with increasing latitude because of right-
lateral slip along faults north of the MTJ. The northward component
of motion along the northern California coast and the adjacent GDZ
covary such as to produce an azimuth of relative motion ~68° for
slippage along megathrust segments #30, 30a, 31, 31a, 32 and 33.
Inland northern California in Fig. B1 refers to the area east of the
SAF-Maacama-Bartlett Springs faults and has similar motion to the
OC block, though the latter may differ slightly because strike slip
from the Eastern California Shear Zone leads into southern Oregon
and may terminate at the megathrust (Miller ef al. 2001).
Half-spreading rates on the Gorda Ridge are 27.5 mmyr~! in the
north and 14 mmyr~! in the south (Wilson 1989). Based on the
spreading rate of the southern Gorda Ridge and the 17 mmyr™!
east—west extension across the GDZ, the slip rate on the Mendocino
transform is prescribed as 28 mm yr~!' west of 126°W (where the
deformation zone intersects the transform fault) and 45 mmyr™!

tion on the megathrust, however, varies little with latitude in this east of 126°W.
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Figure B1. Velocity relationships at latitude ~41°N among several plates bordering the Mendocino triple junction—North America and Pacific plates, Gorda
deformation zone, and northern California points (represented with variable northward velocity to account for relative convergence between the Sierra Nevada
block and the Oregon Coast block to its north. Numerals refer to fault numbers indexed in Table 2 of main text. Southeast GDZ velocities are uncertain but
have greater southward and eastward velocity components relative to the southwest GDZ because of combined north—south shortening and east—west extension

of the GDZ (Wilson 1989).
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