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Relationship between the present-day stress field and plate 
boundary forces in the Pacific Northwest 

Eric L. Geist 
U S Geological Survey. Menlo Park, Cahfomm 

Abstract. The relationship between plate boundary forces and 
the observed stress field in the Pacific Northwest is established 
using numerical niodels 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 North American 
plates. the relationship haween the stress field and forces acting 
along the subduction zone has been unclear. To  address this re- 
lationship. a two-dimensional finite element muciei developed by 
Bird [I9891 is used that incorporates critical aspects of continen- 
tal deformation such as a stratified rheology and interaction be- 
tween thermal and mechiiniciil components of deformation, 
Boundary conditions arc 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 prc- 
scribed limit, Shear-stress limits on the subduclion and transform 
plate boundaries are independently varied to determine the rela- 
tive effect of forces along these boundaries on intraplate de- 
formation. Results from this study indicate that the shear stress 
limit of both subduction and transform boitndaries is low, and 
that the intraplate stress field is attributed, in part, to the normal 
eomponenl of relative plate motion along the transform bound- 
aries. However- the models also indicate that although the sub- 
duction zone fault is weak. a minimum shear strength ( 2 10 
MPa) for the fault is necessary to explain the observed stress 
field. The balance among forces along the tectonic boundaries of 
North America results in a 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-S directed compressive 
stress, ostensibly unrelated so forces associated with the Cascadia 
subduction zone. Because the greatest horizontal principiil stress 
direction differs considerably from the direction of convergence 
between the Juan de Fuca and North American plates, the shear 
strength of the Cascadia subduction fault is inferred to he low 
[Zoback and Zoback. 199 1 :  Wane et aL, 19951. Closer to the 
plate interiace. geodetic data [Savage el at,. 19911 and P-axes 
from focal mechanisms [Weaver and Smith, 19831 indicate corn. 
pression sub-parallel to the relativc plate convergence direction 
and are cited as evidence for locking of part of the subduction 
fault during a period of interseismic strain accumulation. The 
stresses associated with elaslic deformation during the earthquake 
cycle can he thought of as perlurhations of the time-averaged 
stress field due to anelastic deformation of the overriding plate 

[Dmowska er U S . ,  19881, Near the subduction fault, geodetic data 
measure these short-term perturbations of the stress field during 
the earthquake cycle, whereas crustal earthquakes provide a mea- 
sure of the background stress field [Shar  1983; Wang et a!., 
19951. 

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

Stress Provinces of the Pacific Northwest 

Stress provinces have been defined for the North American 
stress field based on the constancy of the greatest horizontal prim 
cipal stress direction (SH,^) and the style of faulting [Zobackand 
Bback, 19911. The Pacific Northwest encompasses two stress 
provinces. Near the coast and in the offshore region, the Cascade 
convergence province, poorly defined by sparse earthquake and 
borehole breakout data, is characterized by NE-directed compres- 
sion approximatciy 30'45' oblique to the convergence direction 
(CCSP, Figure I). The Pacific Northwest stress province located 
east of the Cascade convergence province (Figure I )  is defined 
by N-S compression, manifested by dominant thrust faulting and 
secondary strike slip faulting in the north, in contrast to dominant 
strike-slip faulting and secondary thrust faulting in the south. 
Recent analysis of small crustal earthquakes by Wung ef a/. 
119951 indicate a NW-SE orientation of Snmax from Puget Sound 
to Vancouver Island. Wang er ai. [I9951 suggests that S h n X  
parallels the continental margin- varying from a N-S orientation 
in Puget Sound to a NW-SE orientation in [he Vancouver Island 
region. Neighboring stress provinces (Figure I )  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 
compressional province [Adam ami ReII, 19Y I]. 

Model Description 

The fink-element model developed by Bird [ 1989, 19921 in- 
corporates aspects of anelastic deformation such as a frictional 
rheology in the upper crust, mechanical detachment and thermal 
discontinuity in the Sower crusl, lateral diffusion of crustai 
thickness contrasts, and mixed boundary conditions. The 
equations of motion for Stokesian flow are approximated i n  a 
vertically integrated form familiar as the thin-plate representation 
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Table 1, Varyin8 Sh!g Stress Limit on Subduction Bog*.." 

Shou Stress Limit 

Stress Province Subdwtiom Trnnsfurm RMS Prediction Error 
Boundiuy Boundaries Estress 

Figure 1. Summary o f  the present-day stress field in the Pacific 
Northwest modified from Jobark and Zibufk [i9911. Inward- 
and outward-pointed arrows represent direction o f  greatest and 
least horizontal compressive stress, respectively. Shaded inward- 
pointed arrows represeiitx greatest horizontal principal stress de- 
termined by Wan8 ft a/. [I9951 for the southern Vancouver 
Island region. Single arrow represents direction of Juan de Fuca- 
North America relative motion [Wilson. 19931. SAF, San An- 
drcas fault; QCF, Queen Charlotte fault; CCSP, Cascade conver- 
gence stress province. 

and implcmcnted using a Galerkin finite-element technique with 
6-node isoparametric elements. in addition, rather than assuming 
a linear and constant geotherm, an analytical technique for 
computing the temperature field at each time step is devised that 
lakes into account the effects o f  thertnal diRt~sion and shear strain 
heating. 

Mechanical boundary conditions are dependent on the com- 
puted level of shear stress along the active boundaries. i f  the 
computed shear stress i s  less than a prescribed limit then velocity 
boundary conditions are used based on the plate motion recon- 
stroction by Engebretson el a/, [I9851 with updated estimates of 
Juan de Fuca-North America plate motion by Wilson [1993], I f  
the shear sircss limit i s  exceeded, then a shear traction boundary 
condition equal in magnitude to the shear stress limit i s  used. In 
the model for Cascadia dcforination, basal shear traction i s  e l k -  
lively applied over 100 kni along the suhditction thrust. I n  addi- 
tion, a vertical traction dttc to the cxcess mas8 of the downgoing 
oceanic lithosphere is applied, Along the transform houtidas"ics. a 
fault-normal velocity houndary conditiot! is applied that i& equal 
to the normal component o f  relative plate motion. Thus. tor the 
case in which the shmr slress limit i s  exceeded along the i r m -  
Sorni boundaries, mixed houndiiry conditions (velocity and shear 
traction) are invoked. Thermal boundary conditions specified at 
h e  base of the deforming lithosphere overlying the suhducting 
plate results in cooling and strengthening ofthe t-onlinenial litho- 
sphere. Landward from the subduction zone, because of hinge- 
line rollback during Cenozoic time, thc continental lithosphere is 

thought to overlie newly lorming Itthosphere modeled as a ther- 
mal boundary layer Further details of the model are given by 
Bud [1989, 19921 

In this study. Neogcnc simulations based on Bird's 119921 
model are used to examine the present-day stress field of the 
Pacific Northwest. The only modification made to ihe model 
(other than hardware and software specific modifications) was 
the addition o f  independently specifying the shear stress limit on 
h e  subduction and transform boundaries. This allows one to 
vary the long-term shear strength of the subduction fault inde- 
pendently from the shear strength of the San Andreas and Queen 
Charlotte faults. 

Results 
A set o f  experiments were run using different values for the 

shear stress limit along the st~bduction boundary, holding the 
shear stress limit along the Queen Charlotte and San Andreas 
transform boundaries constant (Table I j. To lest the effect that 
boundary conditions along the transform margins have on intra- 
plate deformation, another set o f  experiments were run in which 
only the value for the shear stress liniit along the transform 
margins was varied (Table 2) ,  Fur each experiment, deformation 
was modeled from 20 Ma to the present at one millioti year time 
steps, using ihe results from Birdk [I9921 model as initial condi- 
tions. Results from both sets o f  experiments are compared with 
the observed orientation o f  Smm and style o f  faulting i n  the 
Pacific Northwest. A weighted RMS (root mean square) error 
(evees,'.j i s  computed between the predicted orienmtion of 
and data compiled by Zoback imd Zobuck 11991 J. Weights were 
assigned to the* data based on quality faclors listed hy Zishack and 
Zoback (1991). using a method described by Bird and Ktmg 
[I994]. Prediction errors for each of the models considered are 
listed in Tables I md 2. As described below, the models arc also 
qualitatively evaluated based on a comparisun between the pre- 
d i d  and observed style of faulting in the Pacific Northwest 
\Pe:.wpne mil Wridon, 19931. 

Table 2. Vary ingtear  Stress Limit on Transform Boundaries.. 

Shcm S l m %  Limit 
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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 w d  Zobwk, 1991; 
Wang el a!.. 19951, The long-tcrm shear strength of the subduc- 
tion fault is estimated to be between 10 and 15 MPa. This result 
also agrees with findings by Wang el at. f 19951, who indicate that 
the shear strength along the subduction zone is probably 10 MPa 
or less, based on heat flow data. However, results from this study 
indicate that if 5 MPa is used for the shear stress limit. Basin and 
Range-type extensional deformation unbalanced by subduction 
forces would occur throughout the Pacific Northwest: dearly an 
unacceptable condition. Although, the model with a shear 
strength of 10 MPa best fits the principal stress direction data. 
this model predicts extensional deformation too far to the north. 
The model with 15 MPa shear strength seems to best fit the data 
in term of both the principal direction of stress and the style of 
faulting observed in the Pacific Northwest (Figure 2). 

Despite the complexity of deformation observed in the Pacific 
Northwest, the model shown in Figure 2 reproduces many aspects 
of recent deformation noted by other researchers. In Puget Sound 
ihe orientation of Sumax is approximately N-S as determined from 
formal inversion of focal mechanisms in the region [ M a  el al., 
19911. The predicted orientation of Sumax rotates to a NW-SE 
orientation near Vancouver island i n  agreement with regional 
studies of small crustal earthquakes [Wan# a a/, 19951 and to a 

130' 
Predicted 

Fault - Thrust X Strike-Slap Â¥M Normal 

Figure 2. Style of faulting predicted by the model for which the 
shear stress limit along the subduction rone is 15 MPa. Symbols 
represent the strike of fauits expected in the region. Symbol rep- 
resenting the primary style of faulting plotted at the same size, 
regardless of the inagniutde of the maximum principal strain-rate. 
The secondary style of faulting is scaled relative to the primary 
style of fsiulting The two-letter mnemonic (e.g., ST, TS, NS) in- 
dicates the primary (first lettcr) and secondary (secfmd letter) 
style of faulting (T-thrust. S-strike-slip, N-normal). For further 
explanation on how the style of faulting relates lo the present-day 
state of stress see Bird [I9891 Shaded regions represent areas 
where the maximum principal strain-rate is greater than 
I x 1 0 " " s " ,  Loeatiuns of earthquakes discussed in the text are 

shown on the figure. Focal mechanism for the 1993 Scotts Mills 
earthquake determined by NQbZiek andXia 119951. 

NE-SW orientation in northeastern Washington, southern British 
Columbia, and northeastward toward the Canadian mid-plate 
compressional province [Adams and Bell, 1991 1. The pattern of 
dominant thrust faulting in Washington (TS in Figure 2) versus 
dominant strike-slip faulting (e.g., the St. Helens seismic zone) to 
the south (ST in Figure 2) i s  also reproduced by thf model. The 
model predicts a NE-SW orientation of near coastal 
Washington consistent with the stress orientation determined hy 
focal mechanisms [Weaver and Smith, 19831, The predicted 
orientation of thrust faulting in this region also correlates with the 
WNW-ESE striking nodal plane for the 1993 Scotts Mills 
earthquake [ NdbZlek andXia, 19951. Thus, the chunge from N- 
S compression in the Pacific Northwest stress province to NE- 
SW compression in the Cascade Convergence stress province can 
be interpreted either as R 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 
mmiyr). the geodetic measured uplift palterns along the Cascadia 
margin \Hyndmwi and Wan& I9951 are best explained as a result 
of elastic strain accumulation along the subduction fault. The 
regions that had the highest discrepancy between the predicted 
and observed orientation of Snmiix were northern Vancouver 
Island and Cape Mendocino (i.e., near the triple junctions). 

Discussion 
Previous to this study, the dominantly N-S compressive field 

in the Pacific Northwest stress province has been explained as a 
consequence of Pacific-North America relative plate motion 
[Spencr, 1989; Zoback and Zobock. 19911. Using an elastic- 
plastic model, Spence [I9891 indicated that the regional stress 
field was induced by the Pacific plate via the GordaIJuan de Fuca 
pldte system, requiring strong cuupling 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 field is caused by. primarily, the normal compo- 
nent of relative plate motion along the Queen Charloite fault 
[Figure 1). Correspondingly, the highest rate of uplift predicted 
by the model occurs along coastal British Columbia correlating 
with high uplift rates < 10 Ma determined from fission track 
analysis [Purrish, 19831. Secondarily though, the stress field 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 traction along the transform boundaries. 
Fhis is because Ihe San Andreas and, by inference, the Queen 
Charlotte transform are inherently weak in terms of shear 
strength [Zoback and &back, 1591 1. Independent evidence 
indicates that the strength of the San Andreas fault is no greater 
than 20 MPa [Lachmbruch and Sass, 1992). Thus, the shear 
strength of the Cascadia subduction zone is comparabic to that of 
the San Andreas fault. The fact that variation of the shear 
strength of the transform faults between 1 and 28 MPa doe& not 
signitkantly affect the stress field in the Pacific Northwest (Table 
2j suggests that intraplate deformation in the Pacific Northwest is 
not a consequence of the margin-parallel component of Pacific- 
North America relative motion, 

Allhuugh not ail deformation is released scismicaliy, 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 strain-rate from the model is highest north of 
Washington (due to compression along the Queen Charlotte fault) 
and near the Mendocino triple junction (Figure 2). The trend in 
strain-rates determined from the summation of seismic moment 
tensors [Pezzopane and  Weldon, 39931 is in agreement with the 
tnodei. In Oregon and southern Washington, the seismic moment 
tensor analysis indicates that the maximum principal strain-rate is  
less than I ~ i 0 ' % ' ~ ,  whereas to the north and south, the strain- 
rate is greater than this value (cf.. Figure 2). For comparison, the 
characteristic strain-rate in a highly deforming region such as the 
Aegean Sea is approximately 4 x 1 0 t 5  s" [Jafkftm and  
McKenzie, 19881, The low rate of deformation in Oregon pre- 
dicted by the model suggests that the observed intraplate seismic 
quiescence is a long-term phenomenon. 

Results from the model also help determine the tectonic con- 
text of large earthquakes for which no focal mechanisms are 
available. The 1872 North Cascades earthquake is thought lo be 
the largest historic earthquake to occur in the Pacific Northwest 
(M 7.4, Mulone and  Bar, 1979) and probably was a crustal event 
based on intensity and aftershock data [Ludwifl eta!., 1991 1. The 
most likely epicenter of the earthquake as determined by Mulone 
and Bor 119791 is located in a region of higher struin-rate and 
NE-directed compression (Figure 2). Thrust faulting is the 
dominant style ul' fatilling in this region. The origin of 1936 
Miltoit-Freewater earthquakc (M-6, Ludwin el a!., 199 1) is less 
clear. The epicenter is located in a transition region among three 
stress regimes: NNE-direction compression to the west; NE- 
directed compression to the north; and Basin and Range 
extension to the south. Therefore, the dominant style of 
deformation. let alone the tectonic cause of the Milton-Freewater 
earthquake i s  difficult to ascertain. 

Conclusions 
The present-day stress field in the Pacific Northwest is a result 

of fault normal compressiun along the Queen Charlotte transform 
boundary and basal shear traction along the Cascadia subduction 
zone. The normal component of traction along the transform 
hounduries appears lo have a dominant influence on the intraplalc 
stress field. In addition, the shear strength of the subduction zone 
interface must be at least 10 MPa, comparable to the strength of 
the San Andreas fault, to explain the principal direction of stress 
and style of faulting in the Pacific Northwest, 

Though the boundary conditions for the model are relatively 
simple, the resulting stress field is richly varied. Except near the 
triple junctions, the predicted orienlation of corresponds 
with the available stress data. The complexity of the observed 
stress field can be envisioned an the superposition of stresses 
originating from forces resolved along both subduction and trans- 
form boundaries. As such. along-strike variations in the strength 
of the subduction zone are not necessary to explain spatial 
variations observed in the present-day stress k i d .  
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