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Relationship between the present-day stress field and plate

boundary forces in the Pacific Northwest

Eric L., Geist

U8, Geologieal Survey, Mealo Park, Califoraia

Abstract. The relationship between plate boundary forces and
the observed stress field in the Pacific Northwest is established
using numerical models of continental deformation. Because the
orientation of the greatest horizontal principal stress throughout
the Pacific Northwest differs considerably from the direction of
convergence between the Juan de Fuca and Morth American
plates, the relationship hefween the stress field and forces acting
along the subduction zone has been unclear. To address this re-
{ationship, a two-dimensional finite element model developed by
Bird [198%] is used that incorporates critical aspects of continen-
tal deformation such as a stratified rheology and interaction be-
tween thermal and mechanical componeats of deformation.
Roundary conditions are specified in terms of either velocity or
shear traction, depending on whether the computed shear stress at
the plate boundary is less than or exceeds, respectively, a pre-
scribed limit. Shear-stress limits on the subduction and transfortn
plate boundaries are independently varied to determine the rela-
tive effect of forces along these boundaries on intraplate de-
formation. Resulis from this study indicate that the shear stress
liait of both subduction and transform boundaries is low, and
hat the intraplate stress field is attributed, in part, to the normal
component of relative plate motion along the transform bound-
aries. However, the models also indicate that although the sub-
duction zone fault is weak, & mirdmum shear strength { 2 {0
MPa} for the {anlt is necessary to explain the observed stress
field. The halance among forces along the tectonic boundaries of
Narth America results in & surprising degree of variation in the
present-day stress field,

Introduction

The present-day state of stress throughout most of the Pacific
Northwest region is characterized by N-8 directed compressive
stress, ostensibly unrelated 16 forces associated with the Cascadia
subduction zone. Because the greatest horizontal principal stress
direction differs considerably from the direction of convergence
between the Juan de Fuca and North American piates, the shear
strengih of the Cascadia subduction faull is inferred o be low
[Zoback and Zobuack, 1991, Wang ef al, 1995]. Closer to the
plate interface, geodetic data |Savage ef ol 1991] and P-axes
from focal mechanisms [Weaver and Smith, 19831 indicate com-
pression sub-paraliel to the relative plate convergence direction
and are ciied as evidence for locking of part of the subduction
fault during a period of interseismic strain accumulation. The
stresses associated with elastic deformation daring the carthquake
cycle can be thought of as perfurbations of the dme-averaged
stress field due to anelastic deformation of the overriding plate
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IDmewska e al,, 1988], Near the subduction fault, geodetic data
measare these short-term perturbations of the stress field during
the earthquake cyvele, whereas crustal earthguakes provide a mea-
surg of the background stress field [Sbar 1983; Wang &1 af,
19951

The ohiective of this study is to determine the relationship be-
tween the intraplate stress field and plate boundary forces. Rec-
ognizing the temporal dependence of deformation and the impor-
tance of using a realistic earth rheology, the approach taken io
this study i3 to model the pattern of present-day stresses using a
recently developed finite-element technique [Bird, 19891 that
miodels the finite-strain of continents in relation to plate boundary
forces. I this study, the shear sirength of the subduction and
transform faults are specified as independent variables. To de-
termine optimal values for the strength of plate boundary faults,
model results are compared to principal horizontal steess dircee
tion data and to the observed style of fauliing,

Stress Provinces of the Pacific Northwest

Stress provinces have been defined for the North American
stress ficld based on the constancy of the greatest horizontal prin-
cipal stress direction (Sumex) and the style of fauiting [Zoback and
Zoback, 19911 The Pacific Nerthwest encompasses (wo stress
provinces. Near the coast and in the offshore region, the Cascade
convergence province, poorly defined by sparse earthguake and
borehole breakous data, is characterized by NE-directed compres-
sion approximately 30°-45° obligue to the convergence direction
(CCSP, Figure 1). The Pacifie Northwest stress pravinee located
east of the Cascade convergence province {Figure 1) is defined
by N-5 compression, manifesied by dominant thrust faulting and
secondary strike slip fauliing in the north, in conirast to dominani
strike-slip faulling and secondary thrust faulting ia the south.
Recent analysis of small crustal earthguakes by Wang o1 ol
[1993] indicate a NW-SE orientation of Sym. from Puget Sound
to Vancouver Isfand. Wang a1 al [1993] sugpests that Samas
parailels the continental margin, varyiag from a N-§ oriesitation
in Paget Sound to a NW-8E orientation in the Vancouver Island
region. Neighboring stress provinces {Figure 1} include the
Queen Charlotte and San Andreas transform provinces to the
north and south respectively and two plate-interior provinces: the
Basin and Range extensional province and Canadian mid-plate
comprassional province [Adams and Bell, 1991].

Model Description

The finite-element model developed by Bird {1989, 1992} in-
corporates aspects of anelastic deformation such as # frictional
theology in the upper crust, mechanical detachment and thermal
discontinuity in the fower crust, lateral diffusion of crustal
thickness conirasts, and mixed boundary conditions. The
equations of motion for Stokesian flow are approximated in a
verticaily integrated form familiar as the thin-plate representation
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Figure 1. Summary of the present-day stress field in the Pacific
Northwest modified from Zeback and Zoback {1991]. Inward-
and outward-pointed arrows represent direction of greatest and
least horizontal compressive stress, respectively. Shaded inward-
pointed arrows represents greatest horizontal principal stress de-
termined by Wang er al. [1995] for the southern Vancouver
Istand region. Single arrow represents direction of Juan de Fuca-
North America relative motion [Wilson, 1993]. SAF, San An-
dreas fault; QCF, Queen Charlotte fault; CCSP, Cascade conver-
gence stress provinee,

and implemented using a Galeskin finite-element technique with
6-node isoparametric elements, In addition, rather than assuming
a linear and constant geotherm, an analytical technigque for
computing the temperature field at each time step is devised that
takes into account the effects of thermal diffusion and shear strain
heating.

Mechanical boundary conditions are dependent on the com-
puted level of shear stress along the active houndaries. Hf the
computed shear stress is less than a preseribed limit then velocity
boundary conditions are used based on the plate motion recon-
struction by Engebretson et al. [1985] with updated estimates of
Juan de Fuca-North America plate motion by Wilson [1993], 1f
the shear stress Hmit is exceeded, then a shear traction boundary
condition equal in magnitude to the shear stress Jimit is used, In
the mode] for Cascadia deformation, basal shear traction 1s effec-
Hively applied over 100 km along the subduction theust, To addi-
tion, a vertical waction due to the cxcess mass of the dewngoing
oceanic lithosphere is applied. Along the transform boundarics. a
fault-normal velocity boundary condition is applied that is equal
to the normal component of relative plate motion. Thus, for the
case in which the shear stress limit is exceeded along the irans-
form boundaries, mixed boundary conditions {velocity and shear
traction} are inveked. Thermat boundary conditions specified al
the basc of the deforming lithosphere overlying the subducting
phate results in cooling and strengthening of the continental litho-
sphere. Landward from the subduction zone, because of hinge-
line rollback during Cenozoic time, the continental lithosphere is
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Table 1. Varving Shear Stress Limit on Subduction Boundary

Shear Stress Lirmit

Subduction Transfoesa RMS Prediction Error
Boundary Boundaries Egpress

5 MpPa 28 MPa 40°

10 MPa 28 MPa 1e®

15 MPa 28 MPa 22F

20 MPa 28 MPa 24°

30 MPa 28 MPa 27

thought to overlic newly Torming lithosphere modeled as a ther-
mal boundary layer. Further details of the model are given by
Bird [1989, 1997

In this study. Neogene simulations based on Bird's [1992]
model are used 1o examine the present-day stress field of the
Pacific Northwest, The only medification made to the moded
{other than hardware and software specific modifications) was
the addition of independently specifying the shear stress Himit on
the subduction and transform boundaries. This allows one w©
vary the fong-term shear strength of the subduction faull inde-
pendently from the shear strength of the San Andreas and Queen
Charlotte faults.

Results

A set of experiments were run using different values for the
shear stress limit along the subduction boundary, holding the
shear stress limit along the Queen Charlotte and San Andreas
transform boundaries constant (Table ). To test the effect that
boundary conditions along the transform margins have on intra-
plate deformation, another set of experiments were run in which
only the value for the shear stress Hmit along the transform
marging was varied (Table 2). For each experiment, deformation
was modeled from 20 Ma to the present at one million year time
steps. using the results from Bird's [1992] model as initial condi-
ftons. Resulis from both sets of experiments are compared with
the ohserved orientation of Suw. and style of faulting in the
Pacific Northwest. A weighted RMS (root mean square) ecror
{Buress) 18 computed between the predicted orientation of Sy
and data compiled by Zoback and Zoback [1991}. Weights were
asstgned to the data based on quatity factors Hsted by Zoback and
Zoback [1991], using a method described by Rird and Kong
[1994]. Prediction errors for cach of the models considered are
listed in Tables 1 and 2. As described below, the models are also
qualitatively evaluated based on a comparison between the pre-
dicted and observed style of faalting in the Pacific Northwest
[Pezzopane and Weldon, 1993].

Table 2. Varving Shear Stress Limit on Transform Boundaries

Shear $tress Limit

Suhduciion Transform RMS Prediciion Erros
Boundary Boundaries Fgtross

15 MPa 1 MPa 22

15 MPa 10 MPa 22°

15 MPa 28 MPa e
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Results for the first set of experiments confirm the observation
that a weak Cascadia subduction zone fault is necessary to
explain the present-day stress field {Zoback and Zoback, 1991;
Wang et al, 1993} The long-torm shear strength of the subduce-
tion fault is estimated to be between 10 and 15 MPa. This result
also agrees with findings by Wang et al. {1995], who indicate that
the shear strength along the subduction zone is probably 10 MPa
or jess, based on heat flow data. However, results from this study
indicate that if 5 MPa is used for the shear stress linut, Basin and
Range-type extensional deformation unbalanced by subduction
forces would occur throughout the Pacific Northwest: ¢learly an
unacceptable condition.  Although, the model with a shear
strength of 10 MPa best fits the principal stress direction data.
this mode! predicts extensional deformation too far to the north.
The mode! with 15 MPxs shear strength seems to best fit the data
in term of both the principal direction of stress and the style of
faalting observed in the Pacific Northwest (Figure 2).

Pespite the complexity of deformation pbserved in the Pacific
Nerthwest, the model shown In Figure 2 reproduces many aspects
of recent deformation noted by other researchers, In Puget Sound
the orientation of Spmey is approximately N-8 as determined from
formal inversion of focal mechanisms in the region {Ma et ol
19911, The predicted orientation of Spumex rotates to a NW.SE
orientation near Vancouver Island in agreement with regional
studies of small crustal earthquakes {Wang et al, 1995] and o a

50"

NoH
Cascades

ST

R e

\ 7
Sconts iits (1993) 000

... g etxto My

Pacific
Plale

A0 o

j-f40°

200

30° .
Predicled o X Strike-Siip  mm—_ Normal

Fatilt Strikes:
Figure 2. Style of faulting predicted by the model for which the
shear stress limit along the subduction zone is 15 MPa, Symbols
represent the strike of faults expected in the region, Symbol rep-
resenting the primary style of faulting plotted at the same size,
regardless of the magnitude of the maximum principal strain-rate.
The secondary style of faulting is scaled relative to the primary
style of fanlting. The two-letter moemonic a.g., 3T, TS, NS} in-
dicates the primary (first letter) and secondary (second letier}
style of faulting (T-thrust, S-steike-slip, N-normal). For further
explanation on how the style of faulting relates 1o the present-day
state of siress see Bird {1980 Shaded regions represent areas
where the maximum principal strain-rate is greater than
Ex107%5", Locations of earthquakes discussed in the text are
shown on the figure. Focal mechanism for the 1993 Scotts Mills
earthquake determined by  Ndbélek and Xia [1995).
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NE-SW orientation in portheastern Washiagion, southern British
Columbia, and northeastward toward the Canadian mid-plate
compressional province [Adams and Bell, 1991}, The pattern of
dominant thrust favlting in Washington (TS in Figure 2 versus
dominant strike-slip faulting (e.g., the 5t. Helens seismiic zone} to
the south (5T in Figure 2) is also reproduced by the model. The
model predicts a NE-SW orientation of Spyme hear coastal
Washington consistent with the stress orientation determined by
focal mechanisms [Weaver and Smith, 1983]. The predicted
orientation of thrast faulting in this region also correlates with the
WNW-ESE sitriking nodal plane for the 1993 Scotts Mills
earthaquake [ Ndbélek and Xia, 1995]. Thus, the change from N-
5 compression in the Pacific Northwest stress province to NE-
SW compression in the Cascade Convergence stress provinee can
be interpreted either as a result of the long-term deformation or
elastic deformation during the interseismic period of the
earthquake cycle. However, because the long-term rates of
coastal uplift predicted from the model are very low {< 0.1
mm/yr), the geodetic measured uplift patterns along the Cascadia
margin [Hyndman and Wang, 1995] are best explained as a result
of clastic strain accumulation along the subduction fault. The
regions that had the highest discrepancy between the predicted
and observed orientation of Symex were northern Yancouver
Island and Cape Mendocino (i.c., near the triple junctions).

Discussion

Previous to this study, the dominantly N-8 compressive field
in the Pacific Northwest stress provinee has been explained as a
consequence of Pacific-North America relative plate motion
[Spence, 1989, Zoback and Zoback, 1991). Using an elastic-
plastic model, Spence [1989] indicated that the regional stress
field was induced by the Pacific plate via the Gorda/Juan de Fuca
plate system, requiring strong coupling along the Cascadia sub-
duction zone. Results from this study, In which progressive de-
formation driven by Neogene plate motions, indicate that the
regional stress fleld is caused by, primarily, the normal compo-
nent of relative plate motion along the Queen Charlotte fault
(Figure 13, Correspondingly, the highest rate of uplift predicted
by the medel occurs along coastal British Columbia correlating
with high uplift rates < 10 Ma determined from fission track
analysis [Parrich, 1983] Secondarily though, the stress figld in
the Pacific Northwest is also affected by basal shear traction
along the subduction zone. Unbalanced by subduction-derived
compression, Basin and Range extension would occur throughout
the Pacific Northwest, Normal traction along the transform
boundaries appears to have a much larger influence on intraplate
deformation than shear fraction along the transform boundaries.
This is because the San Andreas and, hy inference, the Queen
Charlotte transform are isherently weak in terms of shear
strength [Zoback and Zoback, 1991]. Independent evidence
indicates that the strength of the San Andreas fault is no greater
than 20 MPa [Lachentruch and Sass, 1992]. Thus, the shear
strength of the Cascadia subduction zone is comparable to that of
the San Andreas fault. The fact that variation of the shear
strength of the transform faults between | and 28 MPa does not
significantly affect the stress field in the Pacific Northwest {Table
2) suggests that intraplate deformation In the Pacific Northwest is
not 4 consequence of the margin-parallel component of Pacific-
North America relative motion,

Although not all deformation is released scismically, the
modeled rate of deformation can be used to estimate the relative
magnitude of the long-term rate of seismic moment release
throughout the Pacific Northwest (not including seismic moment
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release along the subduction thrust), The magnitude of the maxi-
mum principal stratn-rate from the madel is bighest north of
Washington (due to compression along the Queen Charlotte faulty
and near the Mendecine triple junction (Figure 2). The trend in
strain-rates determined from the summation of seismic moment
tensors | Pezzopane and Weldon, 1993] is in agreement with the
moddel. In Oregon and southern Washington, the seismic moment
tensor analysis indicates that the maximum principal strain-rate is
fess than 1x107'%57", whereas to the north and south, the strain-
rate is greater than this value (cf,, Figure 2). For comparison, the
characteristic strain-rate in & highly deforming region such as the
Aecgean Sea is approximately 4x 10751 Uackson and
McKenzie, 1988]. The low rate of deformation in Qregon pre-
dicted hy the modet suggests that the observed intraplate seismic
guiescence is a long-term phenomenon.

Results from the model also help determine 1he tectonic con-
text of lerge carthguakes for which no focal mechanisms are
available. The 1872 North Cazcades earthquake is thought 1o be
the largest historic earthquake to ocour in the Pacific Northwest
(M 7.4, Malone and Bor, 1979) and probably was a crustal event
based on intensity and aflershock data [Ludwin eral, 19911 The
most likely epicenter of the earthquake as determined by Malone
and Bor 119791 is located in 2 region of higher strain-raie and
NE-directed compression (Figure 2}, Thrust faulting is the
dominant style of faulting in this region. The origin of 1936
Milton-Freewater earthquake (M~6, Ludwin et al., 1991 15 less
clear. The epicenter is located in a transition region among three
stress regimes:  NNE-direction compression to the west; NE-
directed compression fo the north; and Basin and Range
exlension to the south. Therefore, the dominant style of
deformation, Jet alone the tectonic cause of the Milton-Freewater
earthquake is difficult w ascertain,

Conclusions

The present-day stress field in the Pacific Northwest is a result
of fault normal compression along the Queen Charlotte trans{orm
boundary and basal shear traction along the Cascadia subduction
zone, The normal component of traction along the transform
boundaries appears to have a dominant influence on the intraplate
stress ficld. In addition, the shear strength of the subduction zone
interface must be at least 10 MPa, comparable 1o the strength of
the San Andreas fault, to cxplain the principal direction of stress
and style of faulting in the Pactfic Northwest,

Though ihe boundary conditions for the model are relatively
simple, the resulting stress field is richly varied. Except near the
triple junctions, the predicted orientation of Suma. corresponds
with the available stress data. The complexity of the observed
stress field can be envisioned as the superposition of stresses
originating from forces resclved along both subduction and trans-
form boundaries. As such, along-strike varfations in the strength
of the subduction zone are not necessary (o explain spatial
variations observed in the present-day stress field.
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