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The vertically averaged deviatoric stress tensor field within the western United 
States was determined with topographic data, geoid data, recent global posi- 
tioning system observations, and strain rate magnitudes and styles from Qua- 
ternary faults. Gravitational potential energy differences control the large 
fault-normal com~ression on the California coast. Deformation in the Basin and 
Range is driven, in part, by gravitational potential energy differences, but 
extension directions there are modified by plate interaction stresses. The Cal- 
ifornia shear zone has relatively low vertically averaged viscosity of about 10" 
pascal.seconds, whereas the Basin and Range has a higher vertically averaged 
viscosity of 10'' pascal.seconds. 

Deformation within the western United States 
is distributed over hundreds of kilometers and is 
spatially complex. The Basin and Range is 
experiencing northwest-southeast 'extension, 
whereas the Pacific (PA)-North American 
(NA) Plate boundary is dominated by strike- 
slip earthquakes and compressional events near 
the coast of California. The Great Valley and 
Colorado Plateau (Fig. 1) remain relatively un- 
deformed. Recent space-based geodetic mea- 
surements allowed accurate quantification of 
active strain rates throughout the western Unit- 
ed Sfates (1,2). Elsewhere, we have estimated 
a self-consistent velocity and strain rate field (2) 
determined with global positioning system 
(GPS) and very long baseline interferometry 
(VLBI) data (I) in the Basin and Range, Qua- 
ternary fault data for all onshore regions (3), 
and imposed NUVEL- 1 A (4) PA Plate motion 
(Fig. 1). The next step in continental dynamics 
involves understanding how the kinematics 
within this diffuse plate boundary zone relate to 
the forces driving deformation (5,6). Models of 
extensional driving forces in the Basin and 
Range can be grouped into three categories (7): 
plate boundary forces (8), basal tractions (9), 
and buoyancy forces (10,ll). Many agree that 
any single one of these mechanisms is insuffi- 
cient to drive all the deformation in the PA-NA 
boundary zone (7, 12). To date, the individual 
contributions these forces make to the stress 
tensor field have not been quantified, and thus 
their relative role in influencing the deformation 
field has remained speculative. 

Here, we quantify the individual stress 
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field contributions from gravitational poten- 
tial energy (GPE) variations within the litho- 
sphere (buoyancy forces) and PA-NA Plate 
interaction (boundary forces), assuming the 
effects of basal tractions to be negligible (13). 
We estimated the GPE variations within the 
western United States using topographic (14) 
and geoid data (15). By treating the litho- 
sphere as a viscous thin sheet of 100-km 
thickness (16) and making no assumptions 
about the rheology, we solved the force-bal- 
ance equations (1 7) to determine the minimal 
vertically averaged deviatoric stress tensor 
field consistent with GPE variations (18). We 

Fig. 1. A self-consistent, continuous velocity 
field solution (black arrows) (2) determined 
with GPS and VLBI data (red arrows) (7). Qua- 
ternary fault data (3), and imposed NUVEL-1A 
plate motion (4). Ellipses represent a 95% con- 
fidence Limit. Blue dots represent seismicity 
recorded from 1850 to 1998. GV, Great Valley; 
B&R, Basin and Range; CP, Colorado Plateau; 
SAF, San Andreas fault; SN, Sierra Nevada; GB, 
Great Basin. Longitude and latitude are given in 
degrees east and north. 

western United States to avoid boundary ef- 
fects but in the inversion described below 
only considered the gridded region in Fig. 
2A, where strain rates determined there (2) 
help constrain stress boundary conditions. 
The stress tensor field due to GPE variations 
inferred from the topographic data (Fig. 2A) 
predicts absolute magnitudes of compressive 
stresses of -10 MPa (100 bars) offshore of 
California and extensional stresses in the Ba- 
sin and Range of 5 to 7.5 MPa. Although 
roughly E-W extension is predicted at the 
Wasatch Range, extensional stresses in the 
Great Basin are oriented at -45' to the re- 
gional extension direction there. Therefore, 
GPE variations are insufficient to generate all 
Great Basin extension, and plate interaction 
must also be playing an important role. 

Assuming an isotropic relation between 
stress and strain rate (19), we determined 
stress field boundary conditions associated 
with plate interaction (20). These stress 
boundary conditions are found by matching 
the tensor styles of the total deviatoric stress- 
es, combining the influences of both GPE 
variations and plate interactions, to the tensor 
styles of the observed strain rates. Strain rates 
in the 12 areas containing the San Andreas 
fault were not used in our calculations be- 
cause the directions of principal strain rate 
there and inferred directions of principal 
stress are known to differ (21), implying an 
anisotropic relation between stress and strain 
rate (22). The deviatoric stress field due to 
plate interaction (Fig. 2B) predicts stresses 
consistent with strike-slip behav,ior with a 
tensional component throughout the region. 

The vertically averaged total deviatoric 
stress field [linear sum of the stresses from 
GPE variations (Fig. 2A) and plate interac- 
tions (Fig. 2B) (23)] (Fig. 2C) predicts the 
direction and style of all major deformation 
within the western United States in accord 
with other stress estimates (21). In the model, 
compressional stresses on the San Andreas 
fault were rotated -60" to the fault strike 
along the entire length of the fault. We 
showed that GPE variations (Fig. 2A) were 
responsible for orienting compressional de- 
viatoric stresses at a high angle to the coast- 
line (Fig. 2C) and for producing some of the 
convergent motion between the Sierra Neva- 
da block and the Pacific Plate (Figs. 1 and 
2D). We also showed that plate boundary 
interaction influences Great Basin extension, 
confirming that the history of extension in the 
Great Basin is linked with the history of 
PA-NA motion (8). 

The total deviatoric stresses determined 
with GPE variations inferred from geoid data 
(Fig. 3) and those obtained with topographic 
data (Fig. 2C) differ most consistently off- 
shore of California, where the stresses from 
geoid data were half as large. Elsewhere, the 
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Fig. 2. (A) The minimal root mean squared deviatoric stress field determined from CPE variations, 
calculated assuming Airy compensati~n of topography. Different colors represent A CPE values En 
relative t o  a column of lithosphere at sea level. Tensional stress is shown as open white 
principal axes, and compressional stress is shown as black principal axes. (B) Stress field boundary 
conditions. The analog motion (open arrows) associated with these boundary conditions has a 
PA-NA pole that is -10' west of the NUVEL-1A (4) PA-NA pole. (C) The total vertically averaged 
(over L = 100 km) deviatoric stress field, that is, the sum of stresses due t o  potential energy 
variations (A) and plate interaction (B). (D) The self-consistent flow field determined from strain 
rates calculated by scaling the total stress tensor field (C) by the inverse of viscosity (Fig. 4) for all 
areas east of the San Andreas fault (32). 

two stress fields differ in magnitude by less tomography results that suggest a depleted 
than 50% and in direction by less than 5" upper mantle in the central Great Basin (ef- 
almost everywhere. 

Using the magnitude of the strain rate 
tensor derived for the western United States 
(2) and the magnitude of the total deviatoric 
stress tensor (Fig. 2C), we calculated verti- 
cally averaged effective viscosities (19) for 
the region (Fig. 4). Effective viscosity varies 
by three orders of magnitude over the westem 
United States, with low values of -5 X loz0 
Pa-s along the San Andreas fault zone, 1 to 
5 X lo2' Pa-s in the eastern California shear 
zone, and 2 X 10'' Pa-s in the Great Valley- 
Sierra Nevada block. The central Great Basin 
is relatively strong (3 to 7.5 X lo2' Pa-s) 
compared with the western margin of the 
Great Basin (2 to 8 X 10'' Pa-s). This con- 
trast in effective viscosity is consistent with 

fectively strong) versus an upper mantle con- 
taining partial melt in the western Great Ba- 
sin (effectively weak) (24). Relatively low 
values of effective viscosity in the lower crust 
and upper mantle (of order 1018 Pa-s) (25), 
when compared with our higher vertical av- 
erages, suggest that strong brittle upper crust 
is important in supporting the topography. 

In all areas east of the San Andreas fault, 
we scaled our stress tensor by the inverse of 
the scalar effective viscosity to determine a 
combined kinematic and dynamic strain rate 
field (magnitudes the same as observed strain 
rates, but tensor style the same as stresses). 
From this strain rate field, a self-consistent 
horizontal velocity field (Fig. 2D) was deter- 
mined with the method described by (26). 

Fig. 3. The total deviatoric stress field deter- 
mined from the sum of stresses due t o  CPE 
variations estimated with the filtered CEOID96 
(28) and the corresponding best fit stress field 
boundary conditions associated with PA-NA 
Plate interaction. 

Fig. 4. The vertically averaged effective viscos- 
i ty (over L = 100 km) for the western United 
States determined by dividing the magnitude of 
the total deviatoric stress (Fig. 2C) by the mag- 
nitude of the strain rate (2) for each grid area 
determined from the self-consistent kinematic 
model (Fig. 1). 

The resulting flow field from the scaled 
stresses from GPE differences and plate in- 
teractions (Fig. 2D) resembles the kinematics 
inferred from recent GPS observations in the 
Basin and Range and Sierra Nevada (Fig. I), 
confirming indirectly the good match we ob- 
tained between the tensor styles of the stress 
and the original strain rates. 
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High-Speed Electrically 

Actuated Elastomers with 

Strain Greater Than 100% 
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Electrical actuators were made from films of dielectric elastomers (such as 
silicones) coated on both sides wi th  compliant electrode material. When volt- 
age was applied, the resulting electrostatic forces compressed the fi lm in  
thickness and expanded it in  area, producing strains up t o  30 t o  40%. I t  is now 
shown that prestraining the fi lm further improves the performance of these 
devices. Actuated strains up t o  117% were demonstrated wi th  silicone elas- 
tomers, and up t o  215% with acrylic elastomers using biaxially and uniaxially 

13. Basal tractions have a significant effect on the total 
stress field only if horizontal path integrals of basal 
tractions are of the same order of magnitude as the 
vertically averaged horizontal stress times the thick- 
ness of the lithosphere (10 MPa x 100 km). 

14. We estimated the vertically averaged vertical stress, 
expressed as e, = 1/L JL, F,gpdzdz, where p is the 
density, h is the surface elevation, L is an average 
thickness of the lithosphere, which was chosen to be 
100 km here and was applied to the whole region as 
the scaling factor 1/L, and g is gravity (5, 11). Assum- 
ing local (Airy) isostatic compensation, e, was cal- 
culated assuming crustal and mantle densities of 
2750 kg/m3 and 3300 kg/m3, respectively. We also 
used the geoid anomaly to infer CPE variations (27). 
The geoid anomaly incorporates effects of lateral 
density variations in both the crust and mantle and is 
not de~endent on an assumed mechanism of com- 
pensation of topography. 

15. We used the CEOID96 model (28) and removed 
terms below degree and order 7 with a cosine taper 
to degree and order 11 (1 1,29), because of a signal in 
the geoid from heterogeneities deep within the man- 
tle (301. Followine the method of 1271, we calculated 
CPEestimates for the western united States using a 
column at sea level for reference. 

16. P. England and D. P. McKenzie, Ceophys. I.R. Astron. 
SOC.70, 295 (1982). 

17. The equation of steady state motion is Juglax. + pqf, = 
0, where p is density, g is gravity, 2, is the unii vector in 
the z direction, uv is total stress, and x is the j t h  
coordinate direction. We make two assum/ptions con- 
sistent with viscous fluid methodology: (i) that devia- 
toric stress can be averaged in the same fashion to the 
depth L (100 km) as un(14) and (ii) that tractions at the 
base of the lithosphere are negligible. Making these two 
assumptions, the horizontal-component force-balance 
equations condense to a/ax,(F,, + 8,pF,,) = -(aeJ 

is the = 7,+-= 7,whereax,), -T,,x,T, a 
coordinate direction. Fa@ is the deviatoric stress tensor, 

is the Krunecker delta function, and is the 
vertically averaged vertical stress (potential energy), 
which is used as input (6). 

18. We used the variational principle (31) to minimize 
the functional I= J,[?, ?,@ + (7 )2]dS + J ZA,[(d/ 
axp)(?, + a,@?, ) + beddx,)fJ~ with reipect t o  
tap,wiere S is &e area of Earth's surface being 
considered and A, is the Lagrange multiplier for 
the differential equation constraint (17), which 
yields the requirements that Tap = l/z[(dX,lJxp) + 
(JAplJx,)] and the vector A, = 0 everywhere on JS. 
Again using the variational principle, minimization 
of the functional 

prestrained films. The strain, pressure, and response t ime of silicone exceeded 
those of natural muscle; specific energy densities greatly exceeded those of 
other field-actuated materials. Because the actuation mechanism is faster than 
in  other high-strain electroactive polymers, this technology may be suitable for 
diverse applications. 

New high-performance actuator materials capa- demanding applications, such as mini- and mi- 
ble of converting electrical energy to mechani- crorobots, micro air vehicles, disk drives, flat- 
cal energy are needed for a wide range of panel loudspeakers, and prosthetic devices. 

Many types of candidate materials are under 
SRI International, 333 Ravenswood Avenue, Menlo investigation, including single-crystal piezo- 
Park, CA 94025, USA. electric ceramics ( I ) and carbon nanotubes (2). 
*To whom correspondence should be addressed. E- Electroactive polymers are of particular interest 
mail: pelrine@erg.sri.com because of the low cost of materials and the 
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