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Diffuse Pacific—North American plate boundary: 1000 km of dextral
shear inferred from modeling geodetic data

Tom Parsons and Wayne Thatcher

U.S. Geological Survey, 345 Middlefield Road, Menlo Park, California 94025, USA

ABSTRACT

Geodetic measurements tell us that the eastern part of the
Basin and Range Province expands in an east-west direction rela-
tive to stable North America, whereas the western part of the prov-
ince moves to the northwest. We develop three-dimensional finite
element representations of the western United States lithosphere in
an effort to understand the global positioning system (GPS) signal.
The models are constrained by known bounding-block velocities
and topography, and Basin and Range Province deformation is rep-
resented by simple plastic (thermal creep) rheology. We show that
active Basin and Range spreading by gravity collapse is expected
to have a strong southward component that does not match the
GPS signal. We can reconcile the gravitational component of dis-
placement with observed velocity vectors if the Pacific plate applies
northwest-directed shear stress to the Basin and Range via the
Sierra Nevada block. This effect reaches at least 1000 km east of the
San Andreas fault in our models.

INTRODUCTION

The Basin and Range Province of the western United States is
Earth’s widest active extensional province found above sea level (e.g.,
Olsen, 1995). Stretching of this enigmatic tectonic province has invited
explanations that include thickening and gravity collapse (e.g., Rey et
al., 2001, and references therein), interaction with the westward com-
ponent of Pacific plate motion (e.g., Atwater, 1970), Cascadia rollback
(Humphreys and Coblentz, 2007; Kreemer and Hammond, 2007), or
some combination of these processes (e.g., Flesch et al., 2000; Klein
et al., 2009; Yang and Liu, 2010). These explanations include models
of active and passive spreading with and without tractions applied to
the base of the lithosphere, indications that the fundamental causes of
Basin and Range extension remain mysterious. In this paper we employ
simple numerical models to understand the forces causing current Basin
and Range Province displacements, which we assume represent long-
term tectonically driven motions (Fig. 1). Physics-based tectonic mod-
els produce results that are contingent on boundary conditions and the
instructions given to them. Our goal is to minimize complexity, details,
and parameter choices so that we can isolate the broadest influences on
Basin and Range deformation.

We examine two hypothesized drivers: (1) the topographic collapse
of the Basin and Range Province, and (2) the Pacific-North American
plate boundary. As such, we want to diminish the influence of specific
fault structures, cyclical interseismic/postseismic strain variation, and
crustal and mantle structural-rheological variations. Our strategy is to
focus on what we know, and assume that over the very long term, the crust
and mantle can uniformly accommodate deformation as a continuum. We
therefore shape a three-dimensional (3-D) finite element model according
to observed topography, and enforce gravity as well as observed uniform
displacements of the Sierra Nevada and Colorado Plateau blocks. We then
treat the intervening Basin and Range Province crust and mantle as a plas-
tic solid; it creeps, endures permanent deformation, and stores no long-
term differential stress. It is thus an approximation of brittle faulting in the
elastic layers and aseismic flow or creep beneath. Finally, we experiment
with the proportions of gravitational and plate-motion drivers to assess
their relative importance, as constrained by geodesy.
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Figure 1. A: Study region and model boundaries showing global po-
sitioning system velocities along 39.5°N transect. Shading represents
surface heat flow variations used in thermal creep approximation of
long-term plastic deformation of Basin and Range Province. Boxed
area shows Central Nevada seismic belt (CNSB) deformation zone,
where twentieth century M ~ 7 earthquake occurred, and continues
to influence geodetic signal. B: Finite element model, with smoothed
topography and boundary conditions constraints, and example model
velocity grid superposed. Arrows show east velocity (VE).

DATA

Here we use a present-day velocity field relative to stable North
America derived from campaign and continuous global positioning sys-
tem (GPS) data in the central Basin and Range Province analyzed by the
U.S. Geological Survey (USGS). The campaign data from a 55 station,
~800 km aperture network were collected by the USGS during 1992-
2002 and analyzed by Hammond and Thatcher (2004). Continuous GPS
data from 82 stations of the Plate Boundary Observatory (PBO) estab-
lished since 2005 in the central Basin and Range Province have been
analyzed by the USGS. Details of processing are described, and time

© 2011 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing @ geosociety.org.

Geology, October 2011; v. 39; no. 10; p. 943-946; doi:10.1130/G32176.1; 4 figures.

943



series and velocities are archived, at http://quake.usgs.gov/research/
deformation/gps/auto/WesternBRPBO/.

The current velocity field in the central Basin and Range Province
is perturbed by widespread, low-amplitude transient deformation due to
aftereffects of several M ~ 7 twentieth century earthquakes in the Central
Nevada seismic belt (CNSB; see epicenters in Fig. 1) (Hetland and Hager,
2003). To investigate the influence of these effects on our results, we have
made first-order corrections to observed velocities using the modeling
results of Hammond et al. (2009) following the methods of Pollitz (1997).
Such corrections reach 2-3 mm/yr within ~100 km of the Central Nevada
seismic belt, but are typically <1 mm/yr farther away. Nonuniqueness of
the postseismic model introduces uncertainties in the corrections that are
difficult to quantify precisely, including (1) uncertainty in layering of vis-
coelastic structure, (2) possible lateral heterogeneity, (3) and appropriate-
ness of rheological models (W.C. Hammond, 2010, personal commun.),
but the uncertainties may be as large as ~1 mm/yr. Although we have used
these corrected velocities in our model-data comparisons, the perturba-
tions are small and our major conclusions are not dependent on them.

MODELING

Our modeling strategy is intended to advance a simple, idealized rep-
resentation of the lithosphere using the fewest parameters. We do not seek
a realistic model of the lithosphere in close-up detail, but instead intend to
represent the physics of long-term permanent deformation resulting from
topographic loads and interaction with major tectonic blocks at the “view-
from-space” scale. We concentrate on four constraints: (1) known motion
of the contiguous Sierra Nevada block, which shows virtually no internal
deformation (e.g., Dixon et al., 2000), (2) known motion of the Colorado
Plateau block, which also has little current internal deformation (e.g., Ben-
nett et al., 2003), (3) observed topography, and (4) measured heat flow
variation. Knowledge of these boundary conditions coupled with geodeti-
cally observed internal strain of the Basin and Range are the inputs we use
in an attempt to understand the broadest-scale components and causes of
current deformation.

We generate a suite of 3-D finite element models of the western
United States, all with smoothed topographic surfaces (50 x 50 km grid)
(Fig. 1). The models all have two internal boundaries that demark the
Basin and Range Province; a generalized boundary along the east edge of
the Sierra Nevada block, which is taken from westernmost mapped nor-
mal faults in the Basin and Range (Barton et al., 2003), and similarly,
a generalization of the Colorado Plateau and Wasatch Front boundaries
along the eastern Basin and Range Province (Fig. 1). In the models, the
Sierra Nevada move as a rigid block with uniform velocity of 13.8 mm/yr
directed parallel to Pacific—North American relative plate motion (Dixon
et al., 2000), and the Colorado Plateau is also treated as a rigid block
moving 0.9 mm/yr at N51°W relative to fixed North America (Bennett
et al., 2003). The model free surface has no displacements imposed on it.
The model base is free to move laterally, but is restricted in the vertical
direction. The northern and southern model boundaries of the Basin and
Range Province are not free to move in the north-south direction in order
to simulate confinement of the model by adjacent lithosphere. The other
outer model boundaries move with the Sierra Nevada and Colorado Pla-
teau block velocities. While the boundary areas have high topography like
the Basin and Range Province, we do not model gravitational effects in the
boundary blocks because they appear to move as rigid blocks (Dixon et
al., 2000; Bennett et al., 2003).

We do not attempt to simulate faults in the Basin and Range Prov-
ince; instead, we treat the province as a deforming plastic solid. This is
equivalent to assuming that, over the long term, the fault network fully
accommodates strain in the elastic crust and underlying layers deform by
aseismic flow. This approach does not enable us to model detailed defor-
mation such as behavior of individual faults or postseismic relaxation, but
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can accurately describe broad-scale effects on lithosphere subjected to
external forces. For example, our simple model cannot replicate the local-
ized GPS velocity gradients across either the Wasatch Front (~2.5 mm/yr)
or the Central Nevada seismic belt (~1.5 mm/yr). We also neglect poten-
tial mantle drivers such as active upwelling, convection forces, or other
imposed tractions. Such forces could readily be designed into a model
to explain all western United States deformation, but are difficult to con-
strain or directly observe; our preference is to study effects of observed
block motions and topography. We therefore set the model to an arbitrary
uniform 100 km thickness, so that it is much greater than topographic
variation, but otherwise has no impact on the results.

We want to allow the Basin and Range Province to respond to exter-
nal forces as progressive deformation under constant loading. This is
the definition of creep, and we thus simulate the province as a thermally
creeping solid; this can be accomplished with a time-independent creep
relation, € = Aexp(—Q,/RT )" (e.g., Kirby and Kronenberg, 1987), where
A=6.3x107MPa™s™, Q =276 KJ/mol (activation energy), and n = 3.1
are experimentally derived constants, R is the universal gas constant, and
T is temperature (parameters from Birch, 1966; Hansen and Carter, 1983;
Christensen, 1996; Christensen and Mooney, 1995; Caristan, 1982; Carter
and Tsenn, 1987). Viscosity is thus a function of stress, temperature, and
material properties.

Combined uncertainty in physical parameters, layer geometries,
and temperature can allow an all-encompassing spectrum of behavior.
We therefore fix material constants and do not divide the lithosphere into
compositional and rheological layers, but instead control deformation rate
by varying only one parameter, an average base temperature. We opt to use
material parameters of basalt; we could choose any rock because trading
off material constants with temperature variation can produce the same
rheological behavior. By trial and error we find the best fit to observed
GPS velocities with base temperature, 7, = 300 °C. This is not a depiction
of actual lithospheric temperature, but is instead an average value set to
simulate plastic deformation of the entire lithosphere, which in actuality
includes a cold elastic crust. The base temperature is further factored by
surface heat flow variations that have a relative range from ~0.5 to ~1.5
between the coldest and warmest regions (Blackwell and Richards, 2004).
This factor builds in regional strain rate variability and improves fits to
geodetic velocity observations. This construct results in a model Basin and
Range Province that focuses on the relative importance of applied tectonic
forces and displacements on its rate and direction of deformation, while
depending on only a single base-temperature parameter.

MODEL RESULTS

We want to understand geodetic observations from the Basin and
Range Province, and thereby the underlying forces that cause them. We
consider gravitational collapse and displacements caused by tectonic
interactions. Consequently, we begin our analysis with models in which
the Basin and Range Province was completely decoupled from adjacent
terranes (Fig. 2).

Calculations that isolate the strain component of Basin and Range
Province gravitational collapse (no imposed velocity boundary condi-
tions on its edges) yield displacements that are directed southwest and
southeast from the highest topography in the north-central part of the
province (Fig. 2A). Of course the Basin and Range is not isolated from
adjacent terranes, but the exercise is instructive because if active spread-
ing were due to collapse, we would expect a southward component to
the measured displacement field instead of the observed more north-
ward trend. If Basin and Range Province collapse were strongly affect-
ing motion of the Sierra Nevada block, our modeling suggests it would
move southwest rather than northwest. We further note that a Sierra
Nevada block that actively moves northwest, but that does not exert any
stress onto the Basin and Range Province, leaves enough space behind it
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Figure 2. End-member velocity fields for different model boundary
conditions; red arrows show displacement directions. Box boundar-
ies are shown on larger model area in Figure 1. A: Basin and Range
Province is allowed to collapse by gravity due to its topographic
head. Without external forces acting, province would tend to spread
outward from its center to lower lying regions southeast and south-
west. B: Eastern Basin and Range is fixed to North American plate,
leading to more uniform southwest displacement. C: Northwest Si-
erra Nevada block motion is imposed, which causes more east-west
displacement in central Basin and Range that transitions into north-
west-directed displacement along western part of province.

that southwest displacement of the eastern Basin and Range still occurs
(Fig. 2B).

In our modeling we thus find that, without some degree of interac-
tion with the Sierra Nevada block, it is difficult to match the observed
north component of the GPS signal, because the gravitational collapse
of the Basin and Range is directed to the south (Fig. 3). We want to rep-
licate progressive deformation under constant loading, so we simulate
interaction between the Basin and Range and the Sierra Nevada block
by treating their contact as a Coulomb surface with a friction coefficient.
This applies a constant shear load that drives permanent deformation
by creep. We find that the broad north component of the GPS signal
could be reasonably matched with relatively low friction (friction coef-
ficient W = 0.2-0.4) (Fig. 3). Use of the friction coefficient here can be
interpreted as representing the continuity and efficiency of the fault net-
work in transmitting shear stress into the Basin and Range. We require
slightly higher friction than Humphreys and Coblentz (2007) and Klein
et al. (2009), who estimated the shear coupling to be on the order of 1
=0.1-0.3.

We note that for our models to explain the northward component in
the GPS signal, the influence of the Sierra Nevada block shear boundary
must reach to the central Basin and Range Province, ~500-600 km east
of the block boundary (Fig. 3). If northwest motion of the Sierra Nevada
block is driven by interaction with the Pacific plate (e.g., Flesch et al.,
2000; Melbourne and Helmberger, 2001; Whitehouse et al., 2005), then
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Figure 3. Observed and modeled velocities projected onto east-
west profile along 39.5°N. North component velocities from variety
of models are compared with observed that range from no interac-
tion between Basin and Range Province and Sierra Nevada block to
contact between provinces with increasing shear. Shear influence is
expressed as friction coefficient along contact. North component of
velocity (Vn) in Basin and Range Province cannot be explained by
passive spreading due to gravitational collapse alone, but instead
requires interaction with Sierra Nevada block. This implies that Pa-
cific plate influences deformation at least 1000 km east of San An-
dreas fault. Dashed gray line shows eastward limit of Pacific plate
influence inferred from our modeling.

plate boundary right-lateral motion extends at least 1000 km inland of the
San Andreas fault (Fig. 3).

DISCUSSION AND CONCLUSIONS

Plate boundary right-lateral shear in the western Basin and Range
Province is clearly observed. Gianella and Callaghan (1934) and Rom-
ney (1957) noted the seismological similarity between right-lateral slip
components of large Nevada earthquakes and San Andreas events, and
Nielsen (1965) recognized pervasive geological evidence for right-lat-
eral faulting throughout the Walker Lane region of western Nevada. We
estimated the eastward extent of plate boundary influence by using the
lack of internal deformation in the Colorado Plateau (e.g., Bennett et al.,
2003) and the Sierra Nevada (e.g., Dixon et al., 2000) to define appro-
priate boundary conditions at the margins of the province, including the
effect of buoyant topography, and examining the internal deformation
of the Basin and Range Province in more detail than has been attempted
previously.

Our models lack any mantle-driven deformation (e.g., Sonder and
Jones, 1999) because such processes are not necessary to explain present-
day crustal velocities, and their addition would add considerable model
complexity. However, we make implicit assumptions about the role of the
mantle in our modeling because we assume that the high topography has
upper mantle support (e.g., Lachenbruch and Morgan, 1990; Jones et al.,
1998). Further, there are indications of a mantle lithosphere role in con-
necting the Pacific plate to the Sierra Nevada block (e.g., Melbourne and
Helmberger, 2001) that may explain their similar motion directions (e.g.,
Whitehouse et al., 2005).

In conclusion, we find that the only way we can reproduce north-
ward-oriented velocity vectors in the western Basin and Range Province,
and the almost completely east-west—directed velocities deeper into the
province, is to apply right-lateral shear along the western edge of the
Sierra Nevada block. This is because Basin and Range spreading caused
by collapse of the high plateau is directed generally southward, away from
highest elevations. With this simple two-component model of the western
United States lithosphere, we can fit the general trends of the west and
north velocity components of the observed GPS velocity field (Fig. 4).
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Figure 4. Observed and modeled velocities projected onto east-west
profile along 39.5°N. A: North component fits. B: West-directed ve-
locities. Observed velocities are plotted in blue with error bar un-
certainties. Model velocities from nearest nodes are shown in red.
Most points are fit within 16 uncertainties, but some local variations
would require more detailed submodels to explain.
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