
1. Introduction
Whether intracontinental deformation is best described by motion of effectively rigid blocks sliding past 
one another on discrete faults or as a continuum is a widely discussed question in tectonics. These two views 
are not entirely in opposition because the relative movements of a large number of small blocks resembles 
a deforming continuum. The underlying debate, therefore, rests on the role of faults in the shallow, brittle 
crust. Knowledge of the length of a fault helps determine the maximum magnitude of an earthquake on 
the fault, and the slip rate on a fault helps determine the average recurrence interval of such an earthquake. 
Therefore, a description of the deformation field in terms of faults and blocks is useful for earthquake 
hazard assessment, but offers little help in understanding the dynamic processes that govern large-scale 
deformation. Treating intracontinental deformation as a continuum enables the kinematics of deformation 
to be understood in terms of dynamics.

Abstract Average strain across the Great Basin over the past 15 Kyr derived from slip rates on 
individual faults shows a concentration of both right-lateral shear and extension in the western Great 
Basin (Walker Lane). Straining is modest across the central Great Basin, with a zone of higher strain in 
the eastern Great Basin including the Wasatch Front. The horizontal velocity field derived from 15-ka 
fault slip rates is similar to the pattern of GPS velocities, suggesting that regional strain release patterns 
have been constant over the past 15 Kyr. The magnitudes of velocities inferred from fault slip rates, 
relative to North America, are lower than those from GPS in the Walker Lane, suggesting that the geologic 
record is missing evidence of strike slip on faults, and seismic hazard may be higher than suggested by 
fault slip rates alone. The observed strain concentration in the western Great Basin is consistent with a 
Sierra Nevada block that is more rigid than the surrounding lithosphere of nonlinear rheology, which 
concentrates strain east of and adjacent to the rigid block. Treating the western U.S. as a thin viscous sheet 
with the Sierra Nevada block as a rigid boundary provides a consistent history of continuous deformation 
in the Walker Lane over decadal, millennial, and Neogene timescales.

Plain Language Summary Slip rates on some active faults determined from decadal GPS 
measurements disagree with geologic estimates based on offset accrued over 1,000s of years. We use two 
databases of fault slip rates to calculate deformation rates across the Basin and Range province of the 
western U.S. over the past 15,000 years and compare results to deformation rates from decadal GPS data 
and 13-million-year reconstructions of tectonic plate movements on a regional scale. Decadal and 15,000-
year deformation rates are similar in pattern but differ in magnitude in the area of the western U.S. that 
lies within ∼150 km of the eastern edge of the Sierra Nevada, called the Walker Lane. The results suggest 
that the Walker Lane is an approximately 150-km-wide zone of concentrated strain, and evidence of slip 
on faults in the Walker Lane is missing from the databases used to calculate probabilistic seismic hazard. 
The pattern of deformation suggests that the Earth's brittle crust is broken into small blocks whose relative 
movement is dictated by continuous deformation of the ductile uppermost mantle, which behaves as a 
viscous fluid.
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Tectonics

This debate over deformation style is ongoing in the western Great Ba-
sin (Walker Lane, blue area in Figure 1), a ∼150-km-wide zone of tran-
stension between the central Basin and Range province and the Sierra 
Nevada that accommodates ∼15%–20% of Pacific-North America relative 
plate motion (Bennett et al., 2003; Bormann et al., 2016; DeMets & Merk-
ouriev, 2016; Hammond et al., 2011; Lifton et al., 2013). When horizon-
tal components of GPS velocities are used in block models to assign slip 
rates to faults that bound discrete blocks (Bormann et al., 2016; Evans 
et al., 2015, 2016; Hammond et al., 2011; Hammond & Thatcher, 2007; 
Meade & Hager, 2005), the model slip rates (“geodetic slip rates”) are of-
ten inconsistent with fault slip rates determined by paleoseismic studies 
(“geologic slip rates”), even when the models include so many blocks that 
they approach a continuum (Evans et al., 2016). Similarly, where hori-
zontal components of GPS velocities across a single fault or a transect of 
faults are different from geologic slip rates, the GPS velocities are often 
greater than the sum of the fault slip rates from paleoseismic studies, es-
pecially for strike-slip faults (Frankel et al., 2011; Gold et al., 2014; Lifton 
et al., 2013, 2015, 2020; Personius et al., 2017; Wesnousky et al., 2005). 
Where geologic and geodetic slip rates disagree, the mismatch may be 
accounted for by distributed deformation or missing earthquakes in 
the paleoseismic record (Dong et  al.,  2014; Frankel et  al.,  2011; Gold 
et  al,  2013b, 2014; Lifton et  al.,  2013; Personius et  al.,  2017), vertical 
block rotations (Surpless & Kroeger, 2014; Wesnousky, 2005; Wesnousky 
et al., 2012), or temporal variations in fault slip rates (Angster et al., 2019; 
Gold, dePolo, et al., 2013a; Lifton et al., 2015). For normal faults, disagree-
ment between geologically and geodetically measured horizontal compo-
nents of rates may also result from conversion of vertical to horizontal 
components using an inaccurate fault dip (e.g., Friedrich et al., 2003; Per-
sonius et al., 2017).

It remains challenging to distinguish among the potential explanations 
for the mismatch in geologic and geodetic slip rates in the western Great 

Basin because these datasets characterize deformation over different spatial and temporal scales. GPS data 
span decades and can include transient responses to earthquakes in previous decades (e.g., Hammond 
et al., 2011; Kreemer, 2009), but Basin and Range faults commonly have earthquake recurrence intervals 
that exceed 1,000–10,000 years (e.g., Koehler & Wesnousky, 2011; Pérouse & Wernicke, 2017). Additional-
ly, GPS stations in the Great Basin have denser spatial coverage than paleoseismic studies. Compounding 
the problem, nearby faults may trade off releasing strain (Angster et al., 2019; Gold, dePolo et al., 2013a), 
requiring regional paleoseismic analysis to develop a complete picture of strain accommodation. This mis-
match in geologic and geodetic slip rates may be addressed by adding fault slip rates along transects to 
compare with GPS velocities for those areas (Koehler & Wesnousky, 2011; Personius et al., 2017; Wesnousky 
et al., 2005), but the most spatially complete picture of regional strain in the western U.S. is still from GPS 
velocity data (e.g., Kreemer, 2009). Recent syntheses of paleoseismic studies, however, now provide a rel-
atively complete database of Holocene to Late Pleistocene fault slip rates in the northern Basin and Range 
province (Pérouse & Wernicke, 2017; Powers, 2020). Thus, it is now possible to compare strain on decadal 
and Holocene timescales across the Great Basin.

We use these databases to calculate horizontal components of velocity from fault slip rates for the entire 
Great Basin. We treat fault slip rates as analogous to seismic moments and sum them (England & Mol-
nar, 1997; Kostrov, 1974; Molnar & Deng, 1984) to determine the pattern of average strain release and hori-
zontal components of velocity over the past 15 Kyr while accounting for block rotations (Ekström & Eng-
land, 1989; Haines, 1982; Haines & Holt, 1993; Holt et al., 1991). We then consider the fault-based results 
in context with horizontal GPS velocities and plate reconstructions to suggest a coherent history of strain 
release in the western Great Basin. Using this regional approach that spans decadal, Holocene, and Neogene 
datasets, we suggest that deformation in the western U.S. can be described as continuous deformation of a 
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Figure 1. Map of tectonic provinces in the western U.S. with rates and 
orientations of relative motion from Bennett et al. (2003) based on GPS 
velocities. Western, central, and eastern Great Basin are defined based on 
Bennett et al. (2003) and our results. The boundary between the eastern 
and central regions of the Great Basin is an approximation. Orientations 
of motion relative to the Colorado Plateau are the same as relative to stable 
North America (Bennett et al., 2003; Dixon et al., 2000). Abbreviations: 
CP – Colorado Plateau; CBG – Central Great Basin; SN – Sierra Nevada. 
Walker Lane and Sierra Nevada block outlines are drafted after Stewart 
et al. (1988). The Great Basin outline is from the Nevada Bureau of Mines 
and Geology.
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Tectonics

thin viscous sheet with the Sierra Nevada block acting as a rigid bound-
ary, and we assess the cause for the discrepancy in geologic and geodetic 
measurements of horizontal components of velocity in the Walker Lane.

2. Relevant Tectonic History
In the Great Basin north of present-day 37°N, extension initiated between 
45 and 35 Ma and was widespread by ∼25 Ma (Sonder & Jones, 1999; and 
references therein). In contrast, farther west at the same latitudes was a 
convergent margin with rapid subduction beneath western North Amer-
ica (Atwater, 1970; Atwater & Stock, 1998).

By ∼28 Ma, the Pacific plate came into contact with the North American 
plate, forming the Mendocino triple junction at the junction of the Pacif-
ic, North American, and proto-Juan de Fuca plates (Atwater, 1970; Atwa-
ter & Stock, 1998; Sonder & Jones, 1999). From ∼28 to 16 Ma (Figure 2a), 
dextral faulting replaced subduction south of the triple junction as the 
San Andreas Fault lengthened and the triple junction migrated northwest 
(Atwater, 1970; Atwater & Stock, 1998), and extension continued in the 
Great Basin north of present day 37°N (Sonder & Jones, 1999).

Between 18 and 16 Ma, the Mendocino triple junction migrated past the 
southern margin of the Sierra Nevada block (Atwater, 1970; Atwater & 
Stock, 1998; McQuarrie & Wernicke, 2005; DeMets & Merkouriev, 2016). 
Subsequently, a zone of transtension developed east of the Sierra Nevada 
block in the western Great Basin (e.g., Surpless et al., 2002). Extension 
began around 16–14  Ma in the western Great Basin south of present 
day ∼37°N (Sonder & Jones,  1999; McQuarrie & Wernicke,  2005; Fig-
ure 2b), and dextral shear initiated around 13–12 Ma with the Las Vegas 
Valley shear zone and the Stateline fault (Faulds & Henry, 2008; Guest 
et al., 2007) and progressed northwestward (Busby, 2013; Faulds & Hen-
ry, 2008; McQuarrie & Wernicke, 2005; Wernicke & Snow, 1998). West of 
the Las Vegas Valley, dextral slip on the Death Valley-Fish Lake Valley 
fault system initiated ∼10 Ma (Reheis & Sawyer, 1997), and farther north, 
shear in Dixie Valley likely began ∼8 Ma (Colgan et al., 2020).

The period since ∼13  Ma is also characterized by vertical axis rota-
tion of crustal blocks in the western Great Basin. Rotation occurred 
at ∼5°–6°/Myr from 13 to 3  Ma in the central Walker Lane (Carlson 
et al., 2013; Cashman & Fontaine, 2000; Grow, 2009; Petronis et al., 2009; 
Rood et  al.,  2011), but rotation was negligible in the northern Walker 
Lane near Pyramid lake (Cashman & Fontaine, 2000). In the southern 
Walker Lane near the Coso geothermal field, paleomagnetic studies yield 
rotation rates of ∼4°/Myr since ∼3 Ma on fault-bounded crustal blocks 
(Pluhar et  al.,  2006). Observations that rotation rates in younger rock 
elsewhere are slower (Cashman & Fontaine, 2000) and the modern strain 
field is incompatible with pre-3 Ma rotation rates (Hammond et al., 2011; 
Petronis et al., 2009) both suggest that vertical block rotations may play 
a more minor role today than they did before 3  Ma (Cashman & Fon-
taine, 2000; Grow, 2009; Hammond et al., 2011; Kreemer, 2009).

From ∼17 Ma to present (Figure 2c), the San Andreas Fault lengthened, 
the triple junction migrated north, and the zone of transtension in the 
western Great Basin grew (Atwater & Stock, 1998; Faulds & Henry, 2008; 
McQuarrie & Wernicke, 2005; Sonder & Jones, 1999). The total dextral 
offset (cumulative displacement) since the onset of shear in the Walker 
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Figure 2. Conceptual illustration of the tectonic context of the western 
U.S. at (a) 20 Ma, (b) 15 Ma, (c) 8 Ma, and (d) present. The blue area 
highlights the growing zone of transtension in the western Great Basin as 
the Mendocino triple junction (MTJ) migrates north. SAF – San Andreas 
Fault; SN – Sierra Nevada. Figure inspired by Faulds and Henry (2008). 
Tectonic plate boundaries, MTJ locations, and SAF length are from 
Atwater and Stock (1998) and McQuarrie and Wernicke (2005). Pacific-
North America plate (PA:NA) rates and orientations are from DeMets and 
Merkouriev (2016). Basin and Range extension rates prior to 0 Ma are from 
Sonder and Jones (1999) and references therein. Present day Basin and 
Range extension rate from Bennett et al. (2003).
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Lane decreases from south to north (Faulds & Henry, 2008), as do GPS velocities across the Walker Lane 
(Bormann et al., 2016; Hammond et al., 2011; Lifton et al., 2013).

Today (Figures 1 and 2d), deformation within the Walker Lane accommodates ∼15%–20% of the 49 mm/yr 
of relative motion between the Pacific and North American plates (Bennett et al., 2003; Bormann et al., 2016; 
DeMets & Merkouriev, 2016; Hammond et al., 2011; Lifton et al., 2013). GPS velocities (Figure 1) suggest 
a total displacement of 11.4 ± 0.3 mm/yr toward 313° between the Sierra Nevada block and the Colorado 
Plateau, consisting of 9.3  ±  0.2  mm/yr of displacement accommodated as right-lateral shear across the 
western Great Basin, parallel to Pacific-North America relative plate motion (323°), and ∼2.8 ± 0.2 mm/yr 
of displacement accommodated by approximately east-west (276°) extension across the central and eastern 
Great Basin (Bennett et al., 2003).

Following Bennett et al. (2003), we subdivide the Great Basin into three sections (Figure 1) characterized 
by present-day deformation. The eastern Great Basin strains at a high rate in a zone that spans ∼100 km, 
including the Wasatch Front. The central Great Basin strains slowly, and the western Great Basin (Walker 
Lane) is a zone of high transtensional strain rate (Figure 1, blue area) east of the Sierra Nevada and north of 
the Garlock fault. The Walker Lane (Locke et al., 1940; Stewart, 1980, 1988; Wesnousky, 2005) partly over-
laps with the Eastern California Shear Zone as defined by Dokka and Travis (1990).

3. Methods
3.1. GPS Velocity Data

We used horizontal components of GPS velocities from the Geodesy Advancing Geosciences and Earth-
Scope (GAGE; Herring et al., 2016) and Mobile Array of GPS for Nevada Transtension (MAGNET; Blewitt 
et al., 2018) continuous networks in a North-America-fixed reference frame (Figure 3). The GAGE dataset 
spans 1996–2019, and the MAGNET dataset spans 2004–2019. We calculated the total horizontal velocity 
from the north and east components, as well as the components of velocity parallel and normal to 313°, 
317°, and 323°. We did not account for postseismic strain transients, but we did remove stations affected by 
magmatic processes in Long Valley Caldera. Figure 3 shows GPS velocities relative to the station's distance 
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Figure 3. GPS velocities show the effectively rigid Sierra Nevada block within the deforming western U.S. continental lithosphere. (a) Map of GPS stations 
in the western U.S. from the MAGNET (Blewitt et al., 2018) and GAGE (Herring et al., 2016) databases. The extent of the Great Basin is approximated by the 
dashed line. Stations plotted with solid black squares are those used in the northern (b) and southern (c) transects, within 100 km of each transect center line. 
GPS velocities (b) across and (c) south of the Sierra Nevada block plotted as components parallel and normal to 323°, the orientation of relative motion between 
the Pacific and North American plates (Bennett et al., 2003; Dixon et al., 2000). The rigidity of the Sierra Nevada block is visible in the northern transect (b) at 
∼50–200 km from the San Andreas Fault.

(a) (b)

(c)
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from the San Andreas Fault along a transect oriented N53°E, normal to the direction of relative motion 
between the Pacific and North American plates (323°).

3.2. Strain from Fault Slip Rates

We calculated the contribution to strain by slip on individual faults in the Great Basin, north of the Garlock 
fault and south of 42°N, from two databases of fault slip rates (Pérouse & Wernicke, 2017; Powers, 2020; 
Figure 4). Slip rates are from Pérouse and Wernicke (2017) (“P&W faults”; Figures 4d–4f) and the 2018 up-
date of the U.S. Geological Survey National Seismic Hazard Model (“USGS faults”; Figures 4a–4c, Petersen 
et al., 2020; Powers, 2020). We used the 15-ka time period following Pérouse and Wernicke (2017). Slip rates 
reported for normal faults in the USGS database are a mix of vertical components only and dip-slip rates 
(Powers, 2020). All vertical rates were converted to dip-slip rates prior to further analysis. Some fault slip 
rates in the USGS database may be estimated from a single earthquake in the Holocene, and therefore could 
be maximum rates. We used the reported geologic slip rates for the USGS faults (Figure 4a and Table S1). For 
the P&W database, if a fault lacked a slip rate for the 0–15 ka period but had a slip rate for the 0–80 ka period, 
we used the 0–80 ka slip rate, unless there is evidence that the fault was not active since 15 ka (Figure 4d and 
Table S2). We updated or added slip rates for the Pyramid Lake (Angster et al., 2016), Wassuk Range strike-
slip (Dong et al., 2014), Benton Springs (Angster et al., 2019), and Indian Head faults (Angster et al., 2019) 
to both databases, for a total of 202 USGS faults and 107 P&W faults.

We used the 0–15 ka timescale because fault data are more complete for the past 15 Kyr than for longer time 
periods. The paleoseismic record is not complete enough to do the same analysis over a longer time span, 
and the fault databases are likely incomplete even on the 15-ka timescale. For example, the 2019 Ridgecrest 
earthquake ruptured both mapped and unmapped faults (Duross et al., 2020), and previously unidentified 
strike-slip faults have recently been reported in basins within the Walker Lane (Dong et al., 2014; Gold, 
Stephenson et  al.,  2013b). Additionally, many faults in the Great Basin are constrained by crosscutting 
shorelines from pluvial lake high stands that date to 12–15 ka (e.g., Hanks & Wallace, 1985).

To calculate the contribution to strain across the Great Basin from each fault, we calculated what is effective-
ly a seismic moment rate tensor for each fault (e.g., England & Molnar, 1997, 2005; Molnar & Deng, 1984; 
Molnar 1983), and then added them cumulatively across the Great Basin (Figures 5 and 6a). We first calcu-
lated the north (Mnn), east (Mee), and shear (Men) components of the moment tensor for slip on each fault 
according to the equations (Aki & Richards, 2002):

        2sin cos sin 2 sin2 sin cosx
ee oM M (1)

         2sin cos sin2 sin2 sin sinx
nn oM M (2)

     
 

  
 

 21sin cos cos 2 sin 2 sin sin
2

x
en oM M (3)

Where x indicates each fault, e and n are east and north directions,   is fault dip,   is fault strike, and  is 
fault rake. Seismic moment rate, 

oM , for each fault is (Aki & Richards, 2002):





  
 fault length slip rate

sino
h

M (4)

Where μ is shear modulus and h is depth of the seismogenic crust. Because we consider depth to the base of 
the seismogenic crust, h, and shear modulus, μ, to be constant for faults in this analysis, the only variables in 
the moment tensor are fault length (m), slip rate (m/yr), and orientations (strike, dip, and rake) of the faults. 
We assume 90° dip for strike-slip faults and 50° dip for normal faults. Rake is 180° for dextral faults, 0° for 
sinistral faults, and −90° for normal faults. We calculated strike for each fault based on the endpoints and 
midpoint of the line segment because strike is not reported in either fault database. We then calculated the 
contribution of each fault, x, to the strain rate tensor in units of yr−1 according to (Kostrov, 1974):
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Figure 4. Fault data used in this analysis from (a)–(c) the USGS National Seismic Hazard Model source faults database (Petersen et al., 2020; Powers, 2020) 
and (d)–(f) the Pérouse and Wernicke (2017) neotectonic database. The lower hemisphere stereographic projections of focal mechanisms in (c) and (f) represent 
fault kinematics and radii are scaled by the product of slip rate and fault length. The extent of the Great Basin is shown with a blue dashed outline.
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Figure 5. The contribution to strain by slip on faults in the Great Basin calculated from the USGS National Seismic Hazard Model source faults (Petersen 
et al., 2020; Powers, 2020) and the Pérouse and Wernicke (2017) database. Strain components are calculated in 25-km-wide swaths (a)–(b) and plotted 
cumulatively from east to west (c)–(d) relative to 317°. The contribution to strain by slip on each fault is show in components of extension parallel to 317° 
(“parallel”), extension normal to 317° (“normal”), and shear parallel to 317° (“shear”).

(a)

(c)

(b)

(d)

Figure 6. (a) Map of the western U.S. with the USGS faults colored by their contribution to average shear strain within the Great Basin. Open squares are GPS 
station locations. Components of velocity parallel and normal to 317°, and relative to North America, calculated from the USGS faults (b) in 25-km-wide swaths 
and (c) added cumulatively. (d) GPS velocity components parallel and normal to 317° in a North-America-fixed reference frame.
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where A is the area (m2) of the region containing the faults, where we used 25-km-wide swaths (Figures S1 
and S2) parallel to  , the orientation of interest. Note that neither  nor h enters, because they are factors 
in the numerator of the seismic moments. We rotate the strain rate tensor to get the components of strain 
relative to different orientations according to the rotation matrix:
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And the components of the strain rate tensor for each fault are:

           2 2
normal cos sin 2 sin cosx x x x

ee nn en (7)

          2 2
parallel sin cos 2 sin cosx x x x

ee nn en (8)

 (9)

where   is the angle of rotation. We calculated strain components relative to orientations between 310 and 
325° to span the orientations of relative motion between the Sierra Nevada block and the Colorado Plateau 
(313°) and the Pacific and North American plates (323°; Bennett et al., 2003; Dixon et al., 2000) and to de-
termine the orientation along which extension is minimized.

Finally, we calculated the distance from each fault centroid to the Sierra Nevada front along a transect ori-
ented normal to the orientation of interest (Figure S3) and summed the contribution to strain from each 
fault in 25-km-wide swaths according to:

    x
ij ij

x (10)

We also calculated a second invariant of the strain rate tensor, E, following the definition used by Kreemer 
et al. (2014):

       2 2 2
normal parallel shear2x x xE (11)

3.3. Velocity from Strain Rate

To convert average regional strain rate to horizontal velocity in mm/yr (Figures 6b and 6c), we followed the 
method of Haines (1982), who demonstrated that when both the strain rates within a region and the velocity 
along an edge are known, velocities within the deforming region can be calculated despite ignorance of the 
vorticity field or the complete velocity gradient tensor (Haines, 1982, see also: Ekström & England, 1989; 
Haines & Holt, 1993; Holt et al., 1991; Jackson & McKenzie, 1988; McKenzie & Jackson, 1983). In most 
applications, a boundary is rigid, and velocities are computed relative to that rigid boundary. From the cal-
culation of components strain rates for each 25-km-wide swath, we found the orientation that minimizes 
extension parallel to the length of the swaths, parallel, so that we can assume no extension parallel to the 
swaths. Defining “parallel” as the x-direction in Haines (1982) formulation (and the long direction for each 

swath), 


 


parallel 0u
x

. Moreover, with no movement along the x-direction at the boundary, v = 0, and 

              2 2
shear sin cos cos sinx x x x

nn ee en
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therefore, 





0v
x

. Thus, the velocity field in a one-dimensional transect can be solved by integrating the 

components of strain rate over y. We find that, on average across the central and western Great Basin, the 
component of extension parallel 317° is zero (Figure 5c). Velocity is calculated across each swath by treating 
the southeast edge of the swath as fixed so that the difference in velocity across each swath is equal to the 
strain across the swath times the swath width, w, 25 km. Thus:

 
 


 normal
normal

v V
y w (12)


     

           
 parallel
shear

1 1 1
2 2 2

Vv u u
x y y w

 (13)

And velocity in each swath is:




 
 




normal normal

parallel shear2
V w
V w (14)

This method accounts for rotations about vertical axes in the velocity calculation. Since the entire Great 
Basin is included in the analysis, rotations of blocks within the Walker Lane are implicit in the velocity field 
calculation.

3.4. Limitations

The primary limitation to this analysis is the assumption that there is no extension parallel to the length of 
each 25-km-wide swath. Although the assumption is valid when averaged across the central and western 
Great Basin (Figures 5a and S8), it is not valid in the eastern Great Basin. A more northerly orientation is 
required to minimize the parallel component of strain across the eastern Great Basin (Figure 5a). As this 
region is not the focus of our study, we ignore this shortfall of the approach. Similarly, the strain-rate cal-
culations show the assumption is valid as an average across the entire western Great Basin, but split into 
northwest, central, and southeast sections, a single orientation does not satisfy all regions. Analyzed in 
sections, strain and velocity are highest for the southeast region and decrease to the northwest, confirming 
prior observations from GPS data (Bormann et al., 2016; Hammond et al., 2011; Lifton et al., 2013). The 
assumption remains valid for the regional average velocity presented herein.

3.5. Sensitivity Analysis

To assess sensitivity of the strain and velocity calculations to the source fault parameters (strike, dip, and 
slip rate), cumulative strain and velocity were calculated 10,000 times using values randomly selected from 
a normal distribution for each parameter (Figures 7, S4, and S5). The bounds are ±15° for dips of normal 
faults, ±10° for dips of strike-slip faults, ±10° for strikes, and ±30% for slip rates. We use ±10° for strike 
because strike is not reported in either database; we calculate strike for each fault from the endpoints and 
midpoint of the fault. We use ±30% for slip rate because slip rate is most uncertain of all the input parame-
ters (e.g., dePolo & Anderson, 2000; Stein & Friedrich, 2014). For example, faults with 0.5 mm/yr slip rates 
(7.5 m offset in 15 Kyr) and recurrence intervals of 5 Kyr are comparably likely to have offsets of 5 or 10 m 
in an arbitrary 15-Kyr period, which is consistent with a 30% uncertainty in rates estimated from faulting 
since 15 ka. Strike, dip, and slip rate (Figures 7a–7c) all contribute to total uncertainty (Figure 7d), with 
dip having the smallest effect. If all of the normal faults slipped on low-angle (35°) fault planes, howev-
er, the normal component of horizontal velocity associated with extension would be at the upper end of 
the range shown in Figure 7b (∼3 mm/yr). At the western edge of the study region, there is +10/−13% 
(+0.6/−0.8 mm/yr) uncertainty in the component of velocity parallel to 317° and ±15% (0.4 mm/yr) uncer-
tainty in the component of velocity normal to 317°.

REITMAN AND MOLNAR

10.1029/2020TC006389

9 of 19



Tectonics

Swath dimensions and orientation may also affect the results. Calculated strain rates scale linearly with 
swath length, but uncertainty in length is small because we calculate the length of each swath individually 
(Figure S2). Assumed swath widths between 5 and 50 km have no effect on the velocity results (Figure S6). 
Over the 15° -range (310–325°) for which we calculated strain and velocity, the parallel component of veloc-
ity varies by ±1 mm/yr and the normal component of velocity varies by ±0.5 mm/yr (Figure S7).

4. Results
Strain rates across the Great Basin calculated from the USGS (Petersen et  al.,  2020; Powers,  2020) and 
Pérouse and Wernicke (2017) databases of 15-ka fault slip rates reveal similar patterns (Figures 5 and 6a, 
Tables S1 and S2). Both datasets show zones of higher strain rate in the east and west with lower rates across 
the central Great Basin in a coordinate system relative to 317° (N43°W; Figures 5a and 5b). The eastern zone 
of high strain is ∼100-km-wide and spans the Wasatch fault zone and smaller faults east and west of it. In 
the central Great Basin, extension parallel to 317° is zero, and shear parallel to 317° and extension normal to 
317° are low for both datasets. In the western Great Basin, a zone spanning ∼150 km from the Sierra Nevada 
front, shear parallel to 317° and extension normal to 317° dominate, while extension parallel to 317° averag-
es to nearly zero across the region (Figures 5c and 5d). Though the USGS and P&W datasets reveal similar 
patterns of strain release over the past 15 Kyr, cumulative strain rate for the P&W fault database is lower by 
nearly half (Figures 5c and 5d) because that database contains fewer faults than the USGS database. Despite 
the large difference in cumulative strain rate between the two datasets, they document similar rates across 
the eastern Great Basin. The remainder of this study focuses on results from the USGS faults database be-
cause it contains more faults and slip rates (Figure 4).

Across the Great Basin, the cumulative sum of strain rates calculated from faults in the USGS database 
(Figure 5c) yields velocities relative to stable North America (Figures 6b and 6c) between opposite sides 
of the Great Basin with ∼6 mm/yr in the component parallel to 317° and ∼2.5 mm/yr in the component 
normal to 317° (parallel to 47°). The majority of both components of velocity are accommodated in a zone 
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Figure 7. Sensitivity analysis showing how the components of velocity parallel and normal to 317° are affected by variation in (a) normal fault dip of ±15° and 
strike-slip fault dip of ±10°, (b) fault strike of ±10°, and (c) slip rate of ±30%. (d) The result of allowing all of strike, dip, and slip rate to vary. Ranges are shown 
for 10,000 calculations with random values chosen from normal distributions of each parameter for each fault (Figure S1).



Tectonics

∼150 km wide in the western Great Basin, the Walker Lane, with ∼4 mm/
yr parallel to 317° and ∼1.5 mm/yr normal to 317°.

5. Discussion
5.1. Geologic Versus Geodetic Velocity Fields

The velocity fields calculated from geologic and geodetic data across the 
Great Basin show similar patterns of regional velocity but differ in mag-
nitude (Figures 6 and 8). Both datasets show regions of faster straining 
in the east and west, with slower straining across the central Great Basin 
(Figures 6b–6d). Considering the total horizontal velocity relative to sta-
ble North America, the results from geologic and geodetic data are within 
uncertainty in the eastern Great Basin, within 1 mm/yr across the central 
Great Basin, and diverge in the western Great Basin, where the majority 
of shear and extension concentrate within ∼150 km of the Sierra Nevada 
front (Figure 8a).

Across the central and eastern Great Basin, our results show total hori-
zontal velocity of ∼2.4 mm/yr, and GPS finds 2.8 mm/yr (Figure 8; Ben-
nett et al., 2003). The datasets and prior studies agree that most of the 
strain is accommodated along the eastern margin of the Great Basin with 
low but measurable deformation rates across the central Great Basin over 
the past 15 Kyr (Figure 6b; Bennett et al., 2003; Hammond et al., 2014; 
Koehler & Wesnousky, 2011).

Across the western Great Basin, the horizontal component of the velocity 
field derived from fault data increases by 4 mm/yr, and the velocity field 
from GPS data increases by ∼7–10 mm/yr (Figure 8a; Bennett et al., 2003; 
Hammond et al., 2011; Lifton et al., 2013; Bormann et al., 2016). In the 
western Great Basin (Walker Lane), the average 4 mm/yr rate from faults 
and 9.3 mm/yr rate from GPS (Bennett et al., 2003) hide a north-south 
gradient in velocity (Figure S8). GPS measurements show 7 mm/yr ac-
commodated across the northern Walker Lane (Hammond et al., 2011), 
8 mm/yr in the central (Bormann et al., 2016), and nearly 10 mm/yr in 
the south (Lifton et al., 2013). Our results show the same southward in-
crease, from ∼12.5% of the velocity accommodated north of 40°N and 
∼62.5% of the velocity accommodated south 38°N (Figure S8).

The majority of the difference in fault-derived versus GPS velocity fields 
is in the component of velocity parallel to 317°. The fault data show a 
small fraction of velocity parallel to 317°, with the parallel component of 
velocity more than double the magnitude of the normal component of ve-
locity at the western end of the study region (Figures 6b and 6c). For the 
GPS data, the parallel component of velocity is 6–7 times the magnitude 
of the normal component of velocity (Figure 6d).

Despite the difference in magnitude and relative proportion of velocity 
components, the orientation of maximum shear is similar for fault-de-
rived and GPS velocity fields. The orientation of maximum shear in the 
western Great Basin is 317° calculated from the USGS faults database, 
which is 6° different from the 323° orientation calculated from GPS data 
(Bennett et al., 2003). The 6° difference in orientation is within error of 
the fault strike calculation (Figures S4 and S5), and faults may be slightly 
misoriented relative to the current orientation of maximum strain.

REITMAN AND MOLNAR

10.1029/2020TC006389

11 of 19

Figure 8. (a) Total horizontal velocity from GPS and fault data across 
the Great Basin. Both datasets are the square root of the sum of the 
squares of the two horizontal components of velocity. Locations of GPS 
stations are shown in Figure 6a. (b) Fault and (c) GPS velocity fields 
with velocities (mm/yr) calculated for different values of n, the exponent 
that relates strain rate () to stress ( ) by   n. Best fit curves (black 
dashed lines) yield n ≈ 9 and n ≈ 4 for fault and GPS data, respectively. We 
calculate n from the boxcar-shaped tangential boundary condition where 

 
length of boundary

4 n
 (Whitehouse et al., 2005) and  is the reciprocal 

of the exponent in the best-fit curve (e.g.,   
1 54 km

0.0185
 for the 

fault velocity field). We report ranges of n for the fault and GPS datasets 
calculated using 600–645 km for the length of the Sierra Nevada and the 
uncertainty in each exponent. (d) Crustal thickness from EarthScope 
USArray seismic station data (Gilbert, 2012). See Figure S10 for a map of 
these data.

(a)

(b)

(c)

(d)



Tectonics

In summary, the velocity fields calculated from geologic and geodetic sources within the Great Basin agree 
in shape and orientation while differing in proportion and magnitude. The majority of shear and extension 
concentrates in the western Great Basin (Walker Lane), but the amount and relative proportion of shear is 
lower for the fault-derived velocity field than for the GPS velocity field. The similarity between the GPS and 
fault-derived velocity fields suggests that the pattern of strain release in the Great Basin has been consistent 
over the past 15 Kyr, while the disagreement in proportion and magnitude suggests that evidence of shear 
is missing from the geologic record in the western Great Basin.

5.2. Implications for Missing Shear in the Walker Lane

As discussed earlier, prior studies have documented a similar mismatch between geologic and geodetic 
slip rates in parts of the Walker Lane (Frankel et al., 2011; Gold et al., 2014; Lifton et al., 2013, 2015, 2020; 
Personius et al., 2017; Wesnousky et al., 2005) and suggest that the difference in rates could be due to a 
combination of distributed deformation that occurs off major faults or missing earthquakes in the paleo-
seismic record (Dong et al., 2014; Frankel et al., 2011; Gold et al, 2013b, 2014; Lifton et al., 2013; Personius 
et al., 2017), vertical block rotations (Surpless and Kroeger, 2014; Wesnousky, 2005; Wesnousky et al., 2012), 
or temporal variations in fault slip rates (Angster et al., 2019; Gold, dePolo, et al., 2013a; Lifton et al., 2015).

Our analysis corroborates the deficit of shear documented in the paleoseismic record. However, because the 
velocity field calculated from fault data includes rotations (Haines, 1982; Ekström & England, 1989), if the 
difference in velocity calculated from geologic versus geodetic data were due to hidden, unobserved rota-
tions of blocks about vertical axes, those rotations would require slip on faults that have been overlooked or 
whose rates have been underestimated. Paleomagnetic declinations document 5°/Myr rotation rates since 
13–9 Ma in parts of the central and northern Walker Lane (Cashman & Fontaine, 2000; Petronis et al., 2009; 
Rood et al., 2011), but some studies also suggest that rotation rates have decreased since 3 Ma (Cashman & 
Fontaine, 2000; Petronis et al., 2009). Though modern rotation rates may be minor (1°–2°/Myr) as compared 
to rotation rates prior to 3 Ma (Figure S9; Bormann et al., 2016; Hammond et al., 2011; Kreemer, 2009), verti-
cal axis rotations of crustal blocks still play a role in accommodating strain within the Walker Lane (Carlson 
et al., 2013; Grow, 2009; Oldow et al., 2008; Pluhar et al., 2006). Since vertical block rotations are often ac-
commodated by slip on many small, discontinuous faults, some of which slip obliquely (Oldow et al., 2008; 
Pluhar et al., 2006), it may be difficult to measure fault slip rates on the faults that can accommodate the 
required strain and rotation.

The regional approach to calculating the velocity field from fault slip rates also allows us to discard tran-
sient fault strain rates as a potential reason for the disagreement in slip rates. Relative motion between the 
Pacific and North American plates has been constant in rate and orientation since at least 8 Ma (Atwater & 
Stock, 1998; DeMets & Merkouriev, 2016), and we consider the entire Walker Lane rather than a transect at 
a particular latitude. It is therefore unlikely that transient fault strain rates affect the entire studied region. 
More likely explanations for the lack of shear in the geologic record is that shear is (a) accommodated on 
unknown strike-slip faults, (b) accommodated by oblique slip on dominantly normal faults, (c) accommo-
dated as permanent distributed deformation lost to the paleoseismic record, (d) underestimated by field 
measurements of lateral offsets on strike-slip faults, (e) released in moderate magnitude earthquakes on 
known faults that are mostly invisible in the paleoseismic record, or a combination of the above.

The paleoseismic record may suffer from a selection bias toward overrepresentation of normal faults as 
compared to strike-slip faults. Normal fault scarps are often more obvious in a landscape, with offset that is 
more easily recognized and measured, than strike-slip fault scarps. For example, Dong et al. (2014) reported 
a previously unknown strike-slip fault in the basin adjacent to the Wassuk Range normal fault, and Gold, 
Stephenson et  al.  (2013b) reported a previously unidentified strike-slip fault in Grizzly Valley, northern 
Walker Lane. Unknown strike-slip faults may pervade the Walker Lane, as the 2019 Ridgecrest earthquake 
also demonstrated when it ruptured both mapped and unmapped faults (Duross et al., 2020). Furthermore, 
evidence of vertical displacement, especially small magnitude, is more likely to remain visible in a land-
scape after an earthquake than is evidence of lateral displacement, because small lateral offsets may be 
subtle or may be easily erased by landscape change, especially if faulting is partitioned such that strike-slip 
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components are more common in basins than in surrounding terrain (Dong et al., 2014; Gold, Stephenson 
et al., 2013b).

Second, missing shear may be accommodated on oblique-slip faults with complex rupture patterns, such as 
those that accommodate vertical axis rotations (e.g., Oldow et al., 2008; Pluhar et al., 2006), including dom-
inantly normal faults with a component of lateral displacement. Many historical Basin and Range earth-
quakes have minor components of strike-slip displacement that could be hard to recognize many years after 
an earthquake. For example, 17 cm of lateral slip on the Lost River fault in the 1983 Borah Peak earthquake 
amounted to 17% of the total slip (Crone et al., 1987). In the 1954 Dixie Valley-Fairview Peak earthquake 
sequence, both vertical and lateral slip occurred on the Fairview Peak fault, and lateral slip was also accom-
modated on three minor fault traces (Caskey et al., 1996).

Missing shear may be accommodated as off-fault permanent deformation in wide damage zones, making 
measurements of lateral offset more likely to underestimate displacement. Recent studies documenting off-
sets after large strike-slip earthquakes in Pakistan and southern California suggest that 30%–45% of slip may 
be accommodated off the primary fault (Gold et al., 2015; Milliner et al., 2016), which is difficult to measure 
in the field and may not be evident in a paleoseismic trench or in the landscape years after an earthquake. 
Major earthquakes in eastern Asia commonly include deformation spanning regions tens of kilometers in 
width along faults zones 100 km or more in length, like the 1889 Chilik earthquake in Kyrgyzstan (Abdra-
khmatov et al., 2016), the 1905 Bulnay earthquakes in northern Mongolia (e.g., Baljinnyam et al., 1993; Choi 
et al., 2018), and the 1957 Gobi-Altay earthquake (Florensov & Solonenko, 1963; Kurushin et al., 1997). 
Furthermore, numerical models of landscape evolution suggest that strike-slip offsets in wide fault zones 
underestimate modeled slip, as do offsets measured many years after an earthquake (Reitman et al., 2019).

Finally, the 2020 Monte Cristo, Nevada, earthquake is modern evidence of a moderate earthquake produc-
ing oblique slip that may be missed in the paleoseismic record. The M6.5 earthquake reached a peak slip 
of 0.8 m at 4 km depth and produced only small surface offsets up to ∼20 cm (Koehler et al., 2021; Zheng 
et al., 2020), with most offsets <5 cm and distributed in zones up to 800 m wide (Koehler et al., 2021). Small 
offsets are hard to measure in the field, will be quickly eroded on the surface, and may be concealed by 
displacement from larger earthquakes in a paleoseismic trench. The earthquake is near the upper range in 
magnitude of earthquakes that are unlikely to produce surface rupture (dePolo, 1994) but can accommodate 
shear. If shear is accommodated by more frequent M6.5 earthquakes than by fewer, larger earthquakes, it 
is not surprising that the paleoseismic record is missing evidence of shear. Additionally, if small blocks 
rotate around vertical axes, they must be bounded by minor faults. Since small faults are more likely have 
very long recurrence intervals and slip in moderate magnitude earthquakes, the record of slip due to block 
rotations may be hidden from the paleoseismic record.

In summary, multiple mechanisms that contribute to underrepresentation of shear in the geologic record 
may explain the mismatch between geologic and geodetic deformation rates and styles across the Walker 
Lane. Missing strike-slip faults and earthquakes, underestimation of strike-slip offsets, and distributed per-
manent deformation together likely account for the observed deficiency in geologic evidence of shear across 
the Walker Lane.

5.3. Strain Concentration in the Walker Lane

The observed concentration of strain in the Walker Lane can be explained by shear along the San Andreas 
fault, the existence of the Sierra Nevada block, rheology of continental lithosphere, and the tectonic history 
of western North America. England et al. (1985) demonstrated that the length scale of deformation in a 
homogenous thin viscous sheet with a moving boundary on one side depends on the type of boundary and 
rheology of the viscous sheet (lithosphere). When the velocity is tangential to the boundary (strike-slip), 
the length scale of deformation within the viscous layer is approximately four times smaller than when the 
velocity is normal (extension or compression) to the boundary. The e-folding length scale of deformation 

() for velocity tangential to the boundary scales by  
4

L
n

, where n is the exponent that relates strain rate 

() to stress ( ) by   n and L is the length of the boundary (England et al., 1985; Whitehouse et al., 2005). 
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For an indenting boundary, the relationship is  
L
n

 (England et al., 1985; Whitehouse et al., 2005). The 

4x scaling holds independent of the value of n. Higher values of n result in strain concentrating closer to the 
boundary, assuming a homogenous lithosphere.

The western U.S., however, does not have homogenous lithosphere. The Sierra Nevada block occupies 
∼200 km between the San Andreas Fault and the western Great Basin and behaves more rigidly than the 
surrounding lithosphere. The relative rigidity of the Sierra Nevada is evident in the decay of GPS veloc-
ities in a San Andreas Fault-parallel coordinate system (Figure 3; Whitehouse et al.,  2005). Whitehouse 
et al. (2005) modeled the decay of GPS velocities from the San Andreas Fault in the cases of a homogenous 
lithosphere and a lithosphere with a rigid block inclusion approximating the Sierra Nevada dimensions 
and relative velocity, which is oriented 10° more west than the motion of the Pacific plate relative to North 
America (Bennett et al., 2003). Whitehouse et al. (2005) found n ≈ 3 best approximates GPS velocities both 
with and without a rigid block inclusion, demonstrating both the nonlinearity of the lithospheric rheology 
and the relative rigidity of the Sierra Nevada block.

Due to its relative rigidity and unique orientation, the Sierra Nevada block acts as a shear boundary for the 
western Great Basin. Consequently, part of the Pacific-North America relative movement is transferred 
across the block and into the Walker Lane (Kreemer, 2009; Whitehouse et al., 2005). The strain transfer is il-
lustrated by transects of GPS velocities across the Sierra Nevada and south of it (Figure 3). In a plate-bound-
ary parallel orientation (323°), as much as 25% of the 49 mm/yr of Pacific-North America relative plate 
motion is taken up east of the Sierra Nevada block (Figure 3). At 300 km from the San Andreas fault, ve-
locity east of the Sierra Nevada block is ∼7 mm/yr (Figure 3b), but in a transect south of the Sierra Nevada, 
velocity is only ∼4 mm/yr at the same distance (Figure 3c).

Using these GPS data and our fault-derived velocity field, we estimate n for the Great Basin lithosphere from 
the Sierra Nevada boundary. For the fault-derived velocity field, we find n ≈ 9 provides the best fit to the 
data, with a total range within uncertainty of 7 ≤ n ≤ 10 (Figure 8b). For the GPS velocity field east of the 
Sierra Nevada, we find that n ≈ 4 provides the best fit to the data, with a total range within uncertainty of 
3 ≤ n ≤ 5 (Figure 8c). The value of n from GPS dataset is similar to the results of Whitehouse et al., (2005), 
but the value of n from the fault data is higher. For a tangential boundary, strain concentrates ∼40% closer 
to the boundary for n = 9 than for n = 3 and 67% closer to the boundary for n = 9 than for a medium with a 
linear rheology (n = 1; England et al., 1985; Whitehouse et al., 2005). The higher value of n that we obtain 
from fault data than the GPS data suggests that strain may have concentrated closer to the western edge 
of the Sierra Nevada block over the past 15 Kyr than it has over the past few decades. We suspect that the 
more widespread deformation in the GPS data may result from transient movements diffusing away from 
earthquake ruptures in central Nevada from 1915 to 1954, before GPS control points were installed (e.g., 
Hammond et al., 2011; Kreemer, 2009). The values of n > 5 also suggest that processes besides dislocation 
creep of typical rock forming minerals, such as frictional resistance to slip on faults, limit deformation of 
the lithosphere beneath the Basin and Range province (Sonder & England, 1986).

The observed 15-ka-to-present strain concentration in the Walker Lane has not existed since the onset of Ba-
sin and Range extension (e.g., Pérouse & Wernicke, 2017). Present-day crustal thickness is nearly constant 
across the Great Basin (Figure 8d; Gilbert, 2012; Long, 2019), which would not be possible if modern strain 
rates were extrapolated back to the onset of extension in the Basin and Range between 35 and 45 Ma. In-
stead, widespread crustal extension and thinning of a higher Great Basin was the primary deformation style 
prior to the mid-Miocene (∼16 Ma; Bahadori et al., 2018; Long, 2019; Sonder & Jones, 1999). Since ∼16 Ma, 
however, shear at the western margin of the North America plate and from the motion of the Sierra Nevada 
block relative to the Great Basin have had a larger influence on deformation style in the western Great Basin 
(Bahadori & Holt, 2019; Kreemer, 2009; McQuarrie & Wernicke, 2005; Parsons & Thatcher, 2011).

This shift occurred after the Mendocino triple junction migrated past the southern margin of the Sierra Ne-
vada block between 16 and 18 Ma and the western margin of North America became a strike-slip boundary 
(Atwater & Stock, 1998; DeMets & Merkouriev, 2016; McQuarrie & Wernicke, 2005). The change in tectonic 
setting between the Pacific and North American plates altered the Sierra Nevada block's role as a boundary 
condition on the western Great Basin (Sonder & Jones, 1999). The Sierra Nevada went from being a passive 
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boundary of the extending Basin and Range to becoming a rigid strike-slip boundary. Since this change 
around 16 Ma, the portion of shear between the Pacific and North American plates that is transferred across 
the rigid Sierra Nevada block concentrates in the Walker Lane (Figure 2) due to the nonlinear rheology of 
the lithosphere.

The timing of this change coincides with the first documented evidence of strike-slip in the Walker Lane, at 
13 Ma in the Las Vegas Valley shear zone and on the Stateline fault (Faulds & Henry, 2008; Guest et al., 2007), 
the northwestward progression of shear in the Walker Lane (Busby, 2013; Faulds & Henry, 2008; McQuarrie 
& Wernicke, 2005; Wernicke & Snow, 1998), and the onset of clockwise rotation (e.g., Cashman & Fon-
taine, 2000). Millions of years of extension since ∼35–16 Ma and shear since ∼13 Ma weakened the crust of 
the western Great Basin and encouraged both shear and extension to concentrate in the west today. Thus, 
tectonic evolution of the Pacific-North America plate boundary, the rate of relative strike-slip between the 
Pacific and North American plates, the nonlinear rheology of western US lithosphere, and the existence of 
the rigid Sierra Nevada block together account for the modern observations from both fault and GPS data of 
strain concentration in the Walker Lane.

5.4. Implications for Seismic Hazard

The faults of the Walker Lane comprise the surface expression of a zone of concentrated, continuous strain-
ing. Since the geologic record of shear in the Walker Lane is incomplete, known faults may not give the 
complete history, and hazard calculations based solely on known faults may underestimate hazard. For 
example, if measurements of strike-slip offset underestimate displacement from past earthquakes (e.g., Re-
itman et al., 2019), those earthquakes are likely to be larger than estimated from the paleoseismic record. 
Furthermore, documenting previously unidentified faults (e.g., Dong et al., 2014) increases the number of 
earthquake sources and regions that may be prone to moderate or strong earthquakes in the future from 
earthquakes on these smaller faults. Since there are few long strike-slip faults in the Walker Lane (Wes-
nousky et al., 2012), strike slip may occur mostly on shorter faults that are not capable of producing large 
(≥M7) earthquakes, and therefore slip in more frequent moderate earthquakes than in rarer larger ones 
(Anderson, 1979; Molnar, 1979). More frequent moderate earthquakes may pose greater hazard than fewer 
large earthquakes (Minson et al., 2020; Valentini et al., 2020). If missing strike slip is accommodated by 
moderate earthquakes that do not always rupture the surface (e.g., the 2020 Monte Cristo earthquake and 
dePolo, 1994), seismic hazard in the Walker Lane may be higher than estimates based solely on the paleo-
seismic record.

The Walker Lane strains more than its surroundings because the nonlinear rheology of the lithosphere con-
centrates strain close to the edge of the rigid Sierra Nevada boundary. The Walker Lane is therefore a zone 
of elevated hazard with an incomplete geologic record of shear. Probabilistic seismic hazard models based 
on fault slip rates determined by GPS and the paleoseismic record of known faults (Petersen et al., 2013, 
2014) could consider the possibility of earthquakes occurring on smaller nearby faults or unmapped faults. 
Implementing a polygon or zone in hazard models, such as the 2008 version of the USGS National Seismic 
Hazard Map (Petersen et al., 2008) and Version 3 of the Uniform California Earthquake Rupture Forecast 
(Field et al., 2013), may better account for unidentified seismic sources and distributed deformation known 
to occur within the Walker Lane.

6. Conclusion
Strain and velocity calculated from 15-ka fault slip rates show similar patterns to horizontal GPS velocities 
across the Great Basin, with the fastest straining in the Walker Lane within ∼150 km of the Sierra Nevada 
front. The similarity between the velocity fields inferred from geologic and geodetic data suggests that the 
pattern of deformation has been constant over the past 15 Kyr. The different rates of horizontal velocity 
across the Walker Lane suggest that evidence of shear is missing from the geologic record, and the mis-
match cannot be due to crustal block rotations or transient strain rates. The missing shear is likely due to 
a combination of slip on unidentified strike-slip faults, undocumented strike-slip components on normal 
faults, distributed strain, and slip in moderate size earthquakes invisible to the paleoseismic record. The 
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distribution of straining is consistent with the onset of shear in the Walker Lane around 13 Ma, after the 
Mendocino triple junction migrated past the southern margin of the more rigid Sierra Nevada block and 
strain began concentrating in the western Great Basin. The Neogene tectonic history of western North 
America, fault slip rates since 15 ka, and modern GPS velocities provide a strong argument to view western 
US tectonics as continuous deformation of a nonlinear (n = 4–9) thin viscous sheet with the rigid Sierra 
Nevada block acting as a shear boundary of the western Great Basin and concentrating strain within the 
Walker Lane.

Data Availability Statement
Data generated in the analysis, input fault source parameters, and the script used to calculate strain and 
velocity are archived online at: https://doi.org/10.5281/zenodo.3895334. Other datasets used in the analysis 
and figures are publicly available from the following sources. The neotectonic database from Pérouse and 
Wernicke  (2017) is available as a supplement to their study. The USGS National Seismic Hazard Model 
source faults database is available at https://doi.org/10.5066/P9WUTEBT. MAGNET GPS data were down-
loaded from https://geodesy.unr.edu/magnet/Table3web.html on 12/18/2019. UNAVCO GAGE GPS data 
were downloaded from https://www.unavco.org/data/gps-gnss/derived-products/derived-products.html 
on 12/18/2019. The shapefile outline of the Great Basin was downloaded from https://www.nbmg.unr.edu/
Geothermal/Data.html on 1/23/2019. State boundaries and the DEM of the western U.S. were downloaded 
from the National Map (https://viewer.nationalmap.gov/basic/) in 2018.
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