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1. Introduction
Elastic strain accumulation in the Earth's crust is the primary driver of continental earthquakes and can 
pose significant seismic hazards. Regional studies of seismic hazard in the southern Basin and Range 
Province (SBR) and Colorado Plateau Province (CP) include assessments of risk to transportation (Euge 
et al., 1992), buildings (Ghanat et al., 2015), hydro-electric power, and water resources (Lockridge, Fouch, 
Arrowsmith, & Linkimer, 2012) and the Palo Verde nuclear power plant (U.S. Nuclear Regulatory Commis-
sion, 2016). Strain rates can be used with seismicity, fault location, and slip rate data to characterize areas of 
deformation and enhance regional assessments of potential seismic hazard.

The crustal strain-rate field in diffuse plate boundary zones can be affected by both long-term and short-
term processes. Improved understanding of the long-term deformation patterns can be incorporated into 
models of plate boundary zone hazards (e.g., Petersen et al., 2014) and provide constraints for studies of the 
forces that act on the lithosphere (e.g., Flesch & Kreemer, 2010). Strain rates along the Wasatch fault zone 
of the northwestern margin of the CP have been the focus of numerous studies (e.g., Bennett et al., 2003; 
Kreemer, Blewitt, & Hammond, 2010; Niemi et al., 2004) and are better constrained than along the southern 
and southwestern margin. The poor constraints in the latter areas are due to the low levels of deformation 
and, until recently, the sparseness of data in southern Utah, southern Nevada, Arizona, and New Mexico.

In this study, we analyze crustal motions in the SBR and southern portion of the CP (Figure 1) using two 
regional densifications of the EarthScope Plate Boundary Observatory (PBO) (Herring et al., 2016) network 
established with funding from the National Science Foundation (NSF) EarthScope Science Program (Ber-
glund et al., 2012; Kreemer et al., 2015). GPS sites installed by us in 2010 in the SBR and on the CP are referred 
to in the text and figures as EarthScope (ES) sites (Figure 2a). The expanded network is used in conjunction 
with the existing EarthScope PBO, MAGNET network (Blewitt et al., 2009) and Rio Grande Rift stations 

Abstract Rates of crustal deformation in the southern Basin and Range (SBR) and Colorado 
Plateau (CP) provinces are relatively low in the context of the Pacific-North America plate boundary 
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of the SBR and CP, after removing coseismic and postseismic displacements, and elastic loading effects 
arising from major fault zones to the (south)west. We use cluster analysis and geologic data to separate 
the GPS velocity field into regions and calculate distinct block rotation and uniform strain rates for 
each region. We find the highest strain rate region includes southwestern Arizona; an area with sparse 
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(Berglund et  al.,  2012), and other publicly available stations. The GPS 
position time series contain coseismic and postseismic displacements re-
lated to earthquakes within and adjacent to the SBR and CP that obscure 
the background SBR and CP deformation. We estimate a viscosity struc-
ture using additional sites outside the study area (Figure 1b) then model 
and remove the coseismic and postseismic displacements of earthquakes 
from the position time series to estimate constant, time-invariant veloc-
ities. The time-invariant velocities include a velocity component related 
to elastic strain accumulation of the locked, major fault systems located 
to the south and southwest of the SBR and CP. We estimate and remove 
this elastic strain component from the time-invariant velocities for an es-
timate of the secular background velocities (Figure 2a) that represent the 
surface velocities associated with the processes of intrinsic plate-interior 
deformation local to the SBR and CP. We calculate cumulative slip rates 
of Quaternary faults to use as a first-order comparison between geologic 
rates of deformation and GPS-derived secular background velocities.

Areas of low deformation rates and variable sampling density of crustal 
motions can pose problems in the analysis of two-dimensional horizon-
tal strain (Baxter et al., 2011; Hackl et al., 2009; Hammond et al., 2014; 
Titus et al., 2011), hampering seismic hazards assessment. To address this 
issue, we identify regions within the SBR and CP that exhibit distinct, 
uniform rotation and strain rate fields. Our analysis is an extension of 
the work of Kreemer, Blewitt, and Bennett (2010) and is an alternative to 
Berglund et al. (2012) and K. D. Murray et al. (2019), who also attempted 
to characterize the velocity and strain rate fields of the SBR and CP, but 
did not correct for the seismic cycle effects.

2. Tectonic and Geologic Setting
The SBR and CP (Figure  1) are bounded by the Pacific-North Ameri-
can plate boundary (PA-NA) to the (south)west and the Rio Grande Rift 
to the east. The CP physiographic province has an average elevation 
of about 2 km and is only mildly deformed relative to surrounding re-
gions (Menges & Pearthree, 1989; Pederson et al., 2002). The Colorado 
Plateau interior block (CPIB) is an area of relative neotectonic stabili-
ty based on minimal evidence of Quaternary faulting (Menges,  1983; 
Menges & Pearthree, 1989) and low levels of historical seismicity (U.S. 
Geological Survey,  2019) (Figure  1a). However, Lockridge, Fouch, and 
Arrowsmith  (2012), using data from relatively densely spaced seismic 
stations of the EarthScope USArray Transportable Array, found higher 
levels of seismicity in the CPIB than previously recognized. Eastward en-
croachment of Basin and Range extensional deformation into the west-
ern margin of the CP (Best & Hamblin, 1978; Kreemer, Blewitt, & Ben-
nett, 2010; Kreemer, Blewitt, & Hammond, 2010) manifests in the form 
of north-south trending Quaternary faults.

The CP margin also includes the Northern Arizona Seismic Belt (NASB) 
(Brumbaugh,  1987), an area of relatively high levels of seismicity and 

abundant Quaternary faults with a substantial range of strikes near its southwestern margin. In the Arizona 
Transition Zone, located between the CP and SBR, seismicity and Quaternary fault density are lower than 
in the NASB. However, historic earthquakes include the 1976 mb 4.9 Chino Valley earthquake near the 
Big Chino fault (Eberhart-Phillips et al., 1981) and the 2015 M 4.1 earthquake north of Black Canyon City 
(Arizona Geological Survey, https://azgs.arizona.edu/center-natural-hazards/earthquakes). The frequency 

BROERMANN ET AL.

10.1029/2020JB021355

2 of 19

Figure 1. Study area and GPS sites. (a) Study area with physiographic 
and tectonic features. Plate boundary (Bird, 2003) (thick red), Quaternary 
faults (U.S. Geological Survey and California Geological Survey, 2006) (thin 
red), Arizona Transition Zone (ATZ), Colorado Plateau (CP), Northern 
Arizona Seismic Belt (NS), Rio Grande Rift (RGR), and Socorro magma 
body (SMB). Earthquake epicenters (U.S. Geological Survey, 2019) shown 
as gray circles. Blue lines are outlines of Colorado Plateau Interior Block 
(CPIB) and Sonoran Desert Block (SDB). Labeled faults are Algodones 
(A) and Santa Rita (SR). Inset shows crustal thickness with contours 
(km) (Laske et al., 2013) and focal mechanisms of earthquakes ∼Mw 3.1 
and greater from Kreemer, Blewitt, and Hammond (2010) and references 
therein, USGS ANSS ComCat (U.S. Geological Survey, 2019), Lockridge, 
Fouch, Arrowsmith, & Linkimer (2012), Eberhart-Phillips et al. (1981), 
Global CMT (Dziewonski et al., 1981; Ekstrom et al., 2012), and 
Suter (2008). El Mayor–Cucapah earthquake (EMC), Sonoran earthquake 
(S). Black lines are state and country borders. California (CA), Arizona 
(AZ), New Mexico (NM), and Mexico (MX). (b) All sites used in study. 
EarthScope sites are yellow and sites used for viscosity estimates have 
black outline. Other symbols are as in (a).

https://azgs.arizona.edu/center-natural-hazards/earthquakes
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of earthquakes is about 60% greater in Arizona than in New Mexico, when counting magnitude 4 and great-
er events since 1980, after seismographic coverage became more uniform throughout the southwest U.S. 
(Wong, 2009).

In contrast to the CP, the SBR has undergone significant and widespread late Cenozoic deformation. The 
SBR includes a band of northwest-trending metamorphic core complexes in an area that underwent low-an-
gle detachment faulting and up to 40%–60% extension in the mid-Cenozoic, after Mesozoic and early Ceno-
zoic crustal shortening (Coney & Harms, 1984; Spencer & Reynolds, 1989). Extension in southwest Arizona 
resulted in strongly tilted Oligocene-Miocene sections and low-angle to high-angle faults (Spencer & Reyn-
olds, 1989). Late Miocene and younger Basin and Range high-angle block faulting in Arizona may account 
for 10%–20% extension (Menges & Pearthree, 1989), and formed deep basins (Scarborough & Peirce, 1978); 
however, in western Arizona, this type of deformation is more limited spatially and in magnitude (Spencer 
& Reynolds, 1989). The SBR includes the neotectonic Sonoran Desert Block (SDB) (Menges, 1983; Meng-
es & Pearthree, 1989) (Figure 1a) an area of relatively few Quaternary faults and low levels of seismicity. 
However, a recent, low-magnitude earthquake swarm was located in the central area of the SDB (Lockridge, 
Fouch, & Arrowsmith, 2012).

Crustal extension of New Mexico and eastern Arizona occurred in two periods (Baldridge et  al.,  2006): 
first, a late Oligocene-early Miocene phase producing broad, relatively shallow basins, bounded in part by 
low-angle faults; and second, a mid-Miocene through Holocene Basin-and-Range phase involving steeper 
faults, some of which formed the Rio Grande Rift (Baldridge et al., 2006). Basin-and-Range style fault activ-
ity decreased during the Pliocene in New Mexico and adjacent southeastern Arizona (Machette et al., 2000; 
Menges & Pearthree, 1989). Ricketts et al. (2014), using calcite-filled extension veins, find localized high 
Quaternary extensional strain rates near latitude N34.68°, north of the Socorro magma body (SMB) in the 
Rio Grande Rift (Figure 1a). Using GPS measurements, K. D. Murray et al. (2019) found current elevated 
strain rates in the area of the SMB, while Berglund et al. (2012) did not find focused extension in the Rio 
Grande Rift area. Suarez et al. (2016) suggest the SBR in Mexico is undergoing low rates of extension.

Estimated surface rupturing recurrence intervals for Quaternary faults in Arizona and New Mexico range 
from 5 to 15 ky on the most active structures to 100 ky or more on most faults in the region (Machette 
et al., 2000; Pearthree, 1998). These long recurrence intervals and sparseness of faults likely indicate weak 
extensional stress (Pearthree & Calvo, 1987). Menges and Pearthree (1989) proposed that the SDB and CPIB 
behave stably, based on the relative lack of Quaternary faults, with deformation taking place in surround-
ing corridors. The Santa Rita fault scarps (Figure 1a) are interpreted by Pearthree and Calvo (1987) as the 
result of two large magnitude earthquakes during the last 200–300 kyr. Assuming a 60°–70° dipping fault 
plane, Pearthree and Calvo  (1987) estimate the magnitude of these events to be 6.4–7.3, while Johnson 
and Loy (1992), using seismic reflection data, infer slip on a 20° dipping fault plane and recalculate the 
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Figure 2. Velocity data. Yellow squares show ES site locations. Velocities are shown with 95% confidence ellipses. (a) 
Secular background velocities as discussed in text. (b) Secular background velocities are separated into regions. Western 
region (red), eastern region excluding CPIB (blue), CPIB neotectonic block modeled separately from eastern region 
(green). Boundaries shown as thin blue and gray lines are described in Figure 1a. Gulf of California is light blue.
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earthquake magnitude to be 6.7–7.6. The Sonoran earthquake of 1887, near the Arizona-New Mexico border 
in northern Mexico (Figure 1a) was estimated by Suter (2008) to be Mw 7.5.

3. Data Analysis and Modeling
Observed GPS position time series of the SBR and CP include the effects of coseismic, postseismic, and elas-
tic loading related to PA-NA relative plate motion. These deformation signals are superimposed on the in-
trinsic plate-interior deformation of the SBR and CP. To better evaluate the background deformation of the 
SBR and CP, we estimate and remove these superimposed signals for an estimate of the secular background 
velocities. Estimating coseismic and postseismic deformation requires a model of the viscosity structure of 
the study area. We utilize sites with long observation histories in and adjacent to the study area (Figure 1b) 
when estimating viscosities of the lower crust, lithospheric mantle, and sublithospheric mantle. Using these 
viscosity estimates, we then model coseismic and postseismic displacements at the sites and adjust the ob-
served times series by subtracting the modeled displacements. The adjusted time series are used to calculate 
time-invariant velocities that still contain elastic loading effects associated with the locked faults of the San 
Andreas Fault system (SAFS) and the Gulf of California transform system (GCTS) portion of the PA-NA 
plate boundary system. We use a simplified model based on screw dislocations in an elastic half-space to 
remove the velocity component related to SAFS and GCTS elastic loading from the time-invariant velocities 
to reveal the secular background velocities of the SBR and CP. These are constant velocities over the period 
of observation, where coseismic, postseismic, and elastic loading effects have been minimized. We partition 
the secular background velocity field into regions based on cluster analysis and geologic observations. We 
then model the rotational motion of, and uniform strain rate fields within the regions, testing the statistical 
significance of successively more complex models.

3.1. GPS Data

We use GPS position time series data in the NA12 reference frame (Blewitt et al., 2013), for time before 
approximately epoch 2015.7. These data were processed with GIPSY at the Nevada Geodetic Laboratory 
(Blewitt, et al., 2018) except for site AMTN that is discussed in the Supporting Information Text S1. When 
estimating viscosities and time-invariant velocities, we include GPS sites outside the study area to increase 
the number of sites affected by postseismic deformation. Locations, time ranges of data, and networks 
associated with all the sites utilized are listed in Table S1 and shown in Figure 1b. When estimating strain 
rates and rotational rates with the secular background velocities, we focus on a subset of GPS sites in the 
study area with the most stable monumentation such as Network of the Americas (NOTA) (J. R. Murray 
et al., 2019), MAGNET (Blewitt et al., 2009), Rio Grande Rift GPS Network (Berglund et al., 2012), and our 
ES sites. We do not utilize available NGS-CORS stations, which have variable types of monumentation and 
can be clustered around urban areas. This gives a generally even distribution of sites across the study area 
(Figure 2a). Table S5 in the Supporting Information lists secular background velocities and associated net-
works of the GPS sites used in the study area for analysis of block rotation and uniform strain rates.

3.2. Time-Invariant and Time-Varying Crustal Surface Velocities

Large earthquakes can change the rate and pattern of crustal deformation 100 s of km from the events 
for weeks to decades (Freed et  al.,  2007; Hammond,  2005; Thatcher & Pollitz,  2008). This time-varying 
postseismic deformation can obscure the background tectonic deformation, particularly where the back-
ground rates of strain accumulation are low (e.g., Gourmelen & Amelung, 2005; Hammond et al., 2009; 
Kreemer et al., 2009), as in the SBR and CP provinces. We estimate time-invariant velocities, which are 
constant secular velocities that are free from the effects of large earthquakes beginning with the Mw 7.5, 
1887 Sonoran earthquake through an Mwc 7.0, 2012 earthquake in the Gulf of California. Removal of co-
seismic and postseismic responses of earthquakes from GPS coordinate time series data and estimation of 
time-invariant velocities are discussed in detail in the Supporting Information (Text S2–S3, Figures S1–S8, 
Tables S1–S3). To forward model coseismic and postseismic displacements that are removed from the ob-
served time series, we use PSGRN/PSCMP (R. Wang et al., 2006), a plane-Earth model limited to a one-di-
mensional depth-dependent Earth structure. However, in and around the study area, crustal thicknesses 
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vary (Figures 1a and S1) as well as the depth of the lithosphere-asthenosphere boundary (LAB), which is as 
shallow as 40 km beneath the Salton Trough, ranges from 50 to 80 km beneath the Basin and Range (Lekic 
et al., 2011) and approaches 130 km beneath the CP (Levander et al., 2011). To satisfy the one-dimension-
al depth-dependent limitation, we adopt some of the ideas of continental rheologic structure of previous 
workers in the southwest United States, where the earthquakes modeled in this study have the most effect. 
These include: a 15-km thick elastic crust over a 15-km thick lower crust with a Maxwell viscosity (e.g., 
Hammond et al., 2010; Pollitz, 2003; Spinler et al., 2015), and the possibility of a lithospheric mantle layer 
beneath the lower crust and above the sublithospheric/asthenospheric mantle (Johnson et al., 2007; Freed 
et al., 2007; Pollitz, 2015). A Burgers body mantle rheology has been used in the southwest United States 
by Pollitz (2003, 2015) and in other studies (Hetland & Hager, 2005; Hearn et al., 2009). We use a Burgers 
body rheology for the mantle lithosphere between 30 and 60 km and sublithospheric mantle >60 km. A 60-
km LAB depth is in the middle of the Salton Trough and Basin and Range LAB values of Lekic et al. (2011) 
and within the range given by Johnson et al. (2007). The best fitting Maxwell viscosities of the lower crust, 
lithospheric mantle, and sublithospheric mantle are 1019.92, 1019.55, and 1018.78 Pa s, respectively. The bivis-
cous Burgers body mantle material also has a Kelvin-Voigt viscosity that was assumed to be one order of 
magnitude lower than the Maxwell viscosity.

The above model has potential limitations that we discuss here. A stress-dependent power-law rheology, 
where effective viscosity increases with decreasing stress, would likely better represent the uppermost man-
tle (Bürgmann & Dresen, 2008) than a linear Burgers rheology. As earthquake-related stress becomes in-
creasingly small with time, particularly in the far-field, a Burgers rheology could lead to overestimation of 
the postseismic displacements. However, modeled far-field postseismic velocities associated with earth-
quakes 80–133 years in the past and using the best fitting viscosity structure, do not appear to be excessive 
over the period of GPS data collection (Figure S8b). Lateral heterogeneity in viscosity structure, which our 
model does not account for, is also a distinct possibility across our study region, with the most obvious de-
partures form homogeneity being the contrast between the Salton Trough and the CP. However, the pattern 
of modeled total postseismic deformation for recent time is very low in the CP interior (Figure S7). Thus, 
it is possible that our one-dimension depth-dependent model is tuned to preferentially fit the data in the 
regions to the west-southwest where the large earthquakes occurred, and where the postseismic displace-
ments are largest. One additional consideration is Earth's true shape; PSGRN/PSCMP assumes a planar 
half-space. On a local scale, this approximation results in negligible errors. Our study region spans distances 
approaching 1,400 km. However, R. Wang et al. (2006) suggest that errors due to Earth's sphericity should be 
a few percent over a spatial extent of 3,000 km. Thus, since displacements decrease with distance, we expect 
errors associated with the half-space assumption to be small.

We use earthquake slip models together with the best fitting earth model to estimate coseismic and post-
seismic displacement time series that are subtracted from the observed GPS coordinate time series to ob-
tain reduced GPS coordinate time series where the effects of earthquakes have been minimized. We use a 
weighted least squares estimate of time-invariant velocities, annual and semi-annual periodic terms, and 
equipment change offsets at the GPS sites using these earthquake-adjusted time series. Coseismic offsets 
are also allowed to vary in the least-squares fit, in case of overestimation or underestimation of modeled co-
seismic offset. Data are collected intermittently at the semipermanent MAGNET sites (Blewitt et al., 2009), 
CERB and THUM. At these sites, only time-invariant velocities are estimated by least squares and coseismic 
offsets are fixed to the modeled offsets. The time-invariant velocities represent the combined steady-state 
component of crustal deformation associated with the adjacent SAFS, GCTS, and the fault systems within 
the SBR, CP, and Rio Grande Rift. We assess velocity estimate precision using uncertainties that incorporate 
uncertainty in velocity associated with our imperfect knowledge of Earth model viscosities in addition to 
the formal uncertainties associated with the best fit slopes to the earthquake-adjusted GPS coordinate time 
series (Text S2, Table S1, Figure S6). Viscosity-related uncertainty in the time-invariant velocities decreases 
with distance from the earthquake epicenters and may affect velocity components differently (Figure S5). 
As an example, the site HARQ was recently affected by the Mw 7.2 2010 El Mayor-Cucapah (EMC) earth-
quake (Wei et al., 2011) at a distance of about 200 km and the viscosity-related uncertainty in the east veloc-
ity component is roughly equal to the formal uncertainties. At PBO site P003, about 120 km from the same 
earthquake, the viscosity-related uncertainty in the east component of velocity is 2.5 times larger than the 
formal east uncertainty, whereas the north uncertainties for these two stations are roughly equal. The larger 
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east uncertainties reflect the predominately east directed EMC postseismic motion, particularly at site P003 
(Figures 2a and S5, Table S1).

Coseismic and postseismic displacements affect the background crustal motion time series. To analyze the 
time-varying effects of earthquakes on site motion and strain rate we add the modeled coseismic and post-
seismic displacements to the displacements predicted by the time-invariant velocity model, giving a dis-
placement history (Figures 3a–3d) for sites P003 and SENO (Figure 2a). This is, in effect, the displacement 
history model we would have inferred directly from the observed coordinate time series data had we been 
able to estimate the postseismic motions from past earthquakes directly from the time series data. Without 
loss of generality, we assumed the displacements of the time-invariant velocity model and coseismic and 
postseismic models are zero the day before the 1887 Sonoran earthquake. We calculate differences of dis-
placements, as west site, P003, minus east site, SENO, to give a history of relative motion (Figures 3e and 3f) 
and show how strain rates in the SDB may change through time due to earthquakes. To illustrate that post-
seismic effects can limit the ability to measure the constant, secular, or interseismic velocities over a typical 
period of GPS observation, we estimate variations of site velocity through time, by adding postseismic ve-
locities to the time-invariant velocities. Postseismic velocities are estimated from modeled postseismic time 
series over a 7-year time period that excludes periods in which a coseismic offset occurs (Figure 4).

3.3. SBR and CP Secular Background Crustal Surface Velocities

A portion of the strain rates in the study area can be attributed to the far-field elastic strain accumulation 
associated with the SAFS and GCTS to the west and southwest of the study area. Recurrence intervals for 
surface-rupturing earthquakes are on the order of 100 s of years for the southern SAFS (Fumal et al., 2002; 
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Figure 3. Displacement histories. (a–d) Displacements from day before Sonoran 3 May 1887 earthquake until 1 
January 2060 for sites SENO and P003 (for locations see Figure 2). Time-invariant displacements (blue), coseismic 
and postseismic displacements using best-fitting viscosity (black), time-invariant + coseismic and postseismic (red) 
are modeled site displacements. Light gray shaded area is bound by minimum and maximum displacements from 
viscosities used to estimate viscosity-related uncertainty. (e, f) P003 displacements minus SENO displacements, to give 
relative displacements. Dashed lines show one-sigma uncertainty that includes viscosity-based uncertainty.
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Weldon et  al.,  2004,  2005), which is much less than the 5–100 kyr or 
more recurrence intervals that are thought to characterize New Mexico 
and Arizona (Machette et al., 2000; Pearthree, 1998). Thus, because the 
SAFS and GCTS elastic loading component of the time-invariant strain 
rate field is released through earthquakes at a much higher rate relative 
to earthquakes in the SBR and CP, we assume that it does not contrib-
ute to the permanent deformation in our study area. We use a simplified 
model of several screw dislocations in an elastic half-space (Savage & 
Burford, 1973) to represent the locked faults of the SAFS and the major 
right-stepping transform faults of the GCTS (Figure 5a). The velocity field 
produced with the dislocation models (Figure 5b) is used as a first-order 
approximation of the elastic loading component of deformation related 
to the SAFS and GCTS and is subtracted from the time-invariant velocity 
field. Removal of the entire elastic loading component in this manner as-
sumes the time-varying coseismic and viscoelastic postseismic deforma-
tion resulting from the release of elastic loading through individual SAFS 
and GCTS earthquakes does not influence permanent deformation in the 
SBR and CP. An estimate of the time-varying deformation for a portion of 
the SAFS and GCTS seismic cycle is shown in Figure 3.

Slip rates and locking depths of the southern part of the SAFS, includ-
ing the Cerro Prieto fault (CPF) are after Spinler et  al.  (2010,  2015). 
Plattner et al. (2015) give a slip rate of 47.3 mm/yr and locking depth of 
11.4 km for the Ballenas fault of the GCTS (Figure 5a), noting that lock-
ing depth may vary along strike as a result of mantle upwelling (Y. Wang 
et al., 2009). A slip rate for the Gulf of California transform between the 

CPF fault (38.3 mm/yr) and Ballenas transform fault is assigned a slip rate of 42.6 mm/yr, based on a linear 
increase in CPF and Ballenas fault slip rates and mid-points of the transform faults. The transform south of 
the Ballenas fault is given the same rate as the Ballenas fault, 47.3 mm/yr. A locking depth of 5 km for the 
CPF fault, based on a regional block model (Spinler et al., 2015), is used throughout the GCTS, rather than 
the deeper locking depth based on a GPS transection (Plattner et al., 2015) that would not reflect possible 
variation in locking depths with strike. Further details of the dislocation models are given in the Supporting 
Information Text S4 and Figures S9 and S10.

Uncertainties in slip rates are proportional to the velocities at the sites, for example, a 15% uncertainty in 
slip rate implies a 15% uncertainty in the calculated SAFS and GCTS-induced interseismic velocity. Uncer-
tainties related to locking depths are less straightforward. However, a 15% change in locking depth, results 
in approximately a 15% change in velocity at distances greater than about four locking depths (Supporting 
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Figure 4. Velocities for site P003. (a) and (b) are north and east velocities, 
respectively. Time-invariant velocities (blue) and secular background 
velocities (green) with ± two-sigma uncertainties (dashed). Time-invariant 
velocities plus modeled postseismic velocities over 7-year period (red).

Figure 5. Dislocation model locations and SAFS and GCTS velocity field. (a) Locations of dislocation models used 
to estimate velocities associated with elastic loading (red), Quaternary faults (brown), Cerro Prieto fault (CPF), and 
Ballenas fault (BF). (b) Interpolated velocity field predicted from dislocation models with 95% confidence ellipses. CP 
outline (gray).



Journal of Geophysical Research: Solid Earth

Information Text S4 and Figure S11). We assume a 15% uncertainty for both slip rate and locking depth for 
a one-sigma uncertainty of 30% of the calculated SAFS and GCTS velocities (Figure 5b). SAFS and GCTS 
velocity uncertainties are added, in quadrature, to the uncertainty discussed with time-invariant velocities.

The northern extent of the dislocation models lies to the south of the Eastern California shear zone (Fig-
ure 5a) and limits the spatial coverage of SAFS modeled velocities in the NW part of our area (Figure 5b). 
Values of the SAFS and GCTS modeled velocity field range from about 1 mm/yr in southwestern and north-
western Arizona to less than 0.5 mm/yr in central and eastern Arizona. After we subtract the combined 
SAFS and GCTS modeled velocities from the time-invariant velocities at the GPS sites, the resulting secular 
background velocities reflect crustal motions free from coseismic and postseismic effects of the modeled 
earthquakes, and elastic loading effects arising from the west and southwest. Secular background velocities 
that include SAFS and GCTS uncertainties are shown in Figure 2 and given in Table S5.

3.4. Regional Analysis of Rotation and Uniform Strain Rates

Based on the geological observations described in Section  2, we anticipate that different regions within 
the secular background velocity field (Figure 2a) may be undergoing different rates of strain and rotation. 
To explore this hypothesis further, we use cluster analysis and geologic data to partition the velocity field 
into separate regions. These regions are then modeled as rotating blocks or as rotating blocks with uniform 
strain rates. The model of least complexity is one of zero parameters in which the entire study area is con-
sidered part of stable North America with expected velocities of zero. In this case, the secular background 
velocities become the residuals. We also develop more complex models that may better approximate how 
strain is spatially partitioned. We then use an F test (Stein & Gordon, 1984) to assess the statistical signifi-
cance of misfit reductions for successively more complex models.

We use k-medoids cluster analysis (Kaufman & Rousseeuw, 1990) using squared Euclidean distances in 
conjunction with the gap statistic (Tibshirani et al., 2001) to investigate potential partitioning of the veloc-
ity field (e.g., Savage & Simpson, 2013a, 2013b; Simpson et al., 2012; Thatcher et al., 2016). We model the 
CPIB and SDB as separate regions to test if they can be considered subregions of the k-medoids partitioned 
velocity field. We also treat the CPIB, SDB, and CP physiographic province as individual regions and test 
each region for a statistically significant improvement of a rotational and uniform strain rate model over a 
rotational only model.

We use TDEFNODE (McCaffrey, 2005) to model the secular background velocity data (Figure 2a) as regions 
of rigid body rotation with the possibility of uniform strain rate. The velocity data are modeled as inde-
pendent, non-interacting regions without faults between regions (i.e., we do not account for any possible 
elastic strain accumulation on the boundaries separating the regions). Rotation and uniform strain rate 
each introduce three model parameters (Table 1). Models listed in Table 1 may consist of separate subre-
gions that are combined to form a model of larger spatial extent. Table 2 lists the F test comparisons (Stein 
& Gordon, 1984) between lesser and fuller models, where lesser models have fewer parameters than more 
complex fuller models.

4. Interpretation and Discussion
4.1. Regions, Block Rotation, and Uniform Strain Rates

F test model comparisons in Table 2 reference descriptions of lesser and fuller models in Table 1 with char-
acter labels such as A/B where A is the lesser model and B is the fuller model. For example, increasing the 
model complexity of the entire velocity field from a zero-velocity North American plate model (Table 1, 
model A) to a rotational model (Table 1, model B) and then to a rotation plus uniform strain rate (Table 1, 
model C) is statistically significant with high confidence. The F test results of these increases in model com-
plexity are shown in Table 2 as lesser/fuller models A/B and B/C.

Our k-medoids cluster analysis of the velocity field (Savage & Simpson, 2013a, 2013b; Simpson et al., 2012; 
Thatcher et al., 2016) and gap test analysis (Tibshirani et al., 2001) indicate that the velocity field can be 
separated into two clusters, or regions; a western cluster of relatively higher velocity and an eastern cluster 
of relatively lower velocity (Figure 2b). Additional information on the gap test is given in the Supporting 

BROERMANN ET AL.

10.1029/2020JB021355

8 of 19



Journal of Geophysical Research: Solid Earth

Information Text S5 and Figure S12. The boundary between the two regions is irregular in shape, possibly 
reflecting the gradual transition from one region to the next, without an intervening, well-defined block 
boundary. Splitting the entire study area into the two regions with each region modeled with rotation and a 
uniform strain rate is statistically significant (Table 2, models C/D).

We test the improvement of a rotation and uniform strain rate model versus a rotational only model for the 
SDB and CPIB and find that adding a uniform strain rate is statistically significant for both regions at greater 
than 95% confidence (Table 2, J/K and L/M). We also test whether treating the SDB and CPIB as subregions 
of rotation and uniform strain rate within the clusters leads to a significant improvement. The CPIB is a 
statistically significant subregion of the eastern region (Table 2, F/O), while the SDB cannot be separated on 
statistically significant basis (Table 2, E/P).

Our preferred model for the study area has three regions of rotation and uniform strain rate, the western 
region, and the eastern region with a separate CPIB region (Table 1, model H). Individually, the three re-
gions are models E, M, and G (Table 1). The residual velocities, uniform strain rates, and rotational poles 
are shown in Figure 6. Strain rates and rotational poles are also listed in Tables 3 and 4 Poles of rotation 
are all clockwise and generally to the north of the regions. The preferred model is a statistically significant 
improvement over two lesser models: (1) the western and eastern regions of rotation and uniform strain 
rate (Table 1, model D); and (2) the western region and eastern region, excluding the CPIB, with rotation 
and uniform strain rate, and a CPIB subregion with rotation only (Table 1, model I) (Table 2, D/H and I/H).
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Modela Sites/modelb dof NO NP χ2
χ2/
dof

A All sites/no rotation or uniform strain rate. Assumes all sites are part of 
stable NA plate

152 152 0 10,270.0 67.57

B All/rotation 149 152 3 3,720.0 24.97

C All/rotation, uniform strain rate 146 152 6 1,223.0 8.38

D WR and ER/rotation, uniform strain rate. [E, F] 140 152 12 639.0 4.56

E WR/rotation, uniform strain rate 54 60 6 159.9 2.96

F ER/rotation, uniform strain rate 86 92 6 479.1 5.57

G ER outside CPIB/rotation, uniform strain rate 64 70 6 288.2 4.50

H WR/rotation, uniform strain rate and ER with separate CPIB/rotation, 
uniform strain rate. [E, M, G]

134 152 18 538.3 4.02

I WR/rotation, uniform strain, and ER with separate CPIB/rotation. ER 
outside CPIB/rotation, uniform strain rate. [E, L, G]

137 152 15 612.7 4.47

J SDB/rotation 15 18 3 87.8 5.85

K SDB/rotation, uniform strain rate 12 18 6 43.1 3.59

L CPIB/rotation 19 22 3 164.6 8.66

M CPIB/rotation, uniform strain rate 16 22 6 90.2 5.64

O CPIB/rotation, uniform strain rate and ER sites outside CPIB/rotation, 
uniform strain rate. [M, G]

80 92 12 378.4 4.73

P SDB/rotation, uniform strain rate and WR outside SDB/rotation, 
uniform strain rate. [K, T]

48 60 12 129.9 2.71

R Sites within physiographic CP/rotation 39 42 3 406.8 10.43

S Sites within physiographic CP/rotation, uniform strain rate 36 42 6 180.0 5.00

T WR outside SDB/rotation, uniform strain rate 36 42 6 86.8 2.41
aModel gives reference to be used with Tables 2–4. bSites in region/short model description. WR is western region and 
ER is eastern region. Bracketed lists in model descriptions give combined modeled subregions.
Other column abbreviations are as follows: dof  =  degrees of freedom (NO-NP); NO  =  number of observations 
(2*number of sites); NP = number of parameters; χ2 = chi-square; χ2/dof = chi-square per degrees of freedom.

Table 1 
Model Descriptions
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As a test of the rigidity of the CP physiographic province, we compare 
rotational and rotation plus uniform strain rate models of this region and 
find a statistically significant improvement when a uniform strain rate is 
included in the model over that of a block rotational model only (Table 2, 
R/S, Tables 3 and 4). This is in accordance with other findings for the CP 
region (Kreemer, Blewitt, & Bennett, 2010; K. D. Murray et al., 2019) in 
that they found limitations in modeling the CP as a rigid block.

Dilatational strain rates are calculated as the sum of the principal strain 
rates with uncertainties added in quadrature. Given in nanostrain/yr 
with two-sigma uncertainties, the dilatation strain rates for the western 
region, eastern region excluding the CPIB, and the CPIB are 1.68 ± 0.61, 
0.42 ± 0.14, −0.52 ± 0.50, respectively. Negative dilatation for the CPIB 
indicates areal reduction. However, the uncertainties for the CPIB are 
large relative to the dilatation and could be interpreted as near-zero dil-
atation. Lockridge, Fouch, and Arrowsmith (2012) found low, but larger 
than previously recorded levels of seismicity in the CPIB, indicating po-
tential deformation of the CPIB. K. D. Murray et al. 2019, using a partially 
different set of GPS sites and method of 2D strain-rate analysis, also show 
negative dilatation in the central CPIB. Unlike our results, K. D. Murray 
et  al.  (2019) indicates areas of negative dilatation in the SDB and this 
may reflect unmodeled postseismic deformation from the nearby 2010 
EMC earthquake. When all velocities are modeled as a single region with 
rotation and uniform strain rate (Table 1, model C, Tables 3 and 4) the 
dilatational strain rate is 0.86 ± 0.10 ns/yr.

Vertically averaged deviatoric stress from gravitation potential energy (GPE) modeling of the southwestern 
United States (Flesch et al., 2007; Flesch & Kreemer, 2010) generally indicates SW-NE extension over our 
study area. Most fault plain solutions in northern Arizona are oriented NW-SE, implying SW-NE extension 
(Brumbaugh et al., 2016) (Figure 1a) and corresponds with gravitational potential energy induced stress 
(Flesch & Kreemer, 2010). Our results show WSW-ENE extensional principal strain rate for the eastern 
region and the CPIB; this may indicate a common regional mechanism of deformation and this orienta-
tion is generally in agreement with GPE vertically averaged deviatoric stress (Flesch & Kreemer, 2010) and 
fault plane solutions in northern Arizona (Brumbaugh et al., 2016). The extensional principal strain rate 
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Lesser/fullera Fb pc

A/B 87.451 ∼0.0

B/C 99.363 ∼0.0

C/D 21.325 ∼0.0

D/H 4.176 0.000700

F/O 3.547 0.00364

J/K 4.143 0.0313

L/M 4.396 0.0195

R/S 15.120 0.0000016

I/H 6.171 0.000584

E/P 1.851 0.109
aLesser/Fuller gives lesser and fuller models used in F tests and are 
described in Table 1. bCalculated F value. cp is used for significance, for 
example, for models L/M p = 0.0195 and is significant at alpha = 0.05 or 
significant at greater than the 95% confidence interval. Large F values 
result in very small p values, shown as ∼0.0, and indicate high levels of 
significance.

Table 2 
F Test Results for Lesser and Fuller Models

Figure 6. Residual velocities, strain rates, and poles. (a) Residual velocities after removing modeled rotation and 
uniform strain rate for the three regions. Velocities are shown with 95% confidence ellipses. Western region (red), 
eastern region outside CPIB (blue), CPIB (green). Strain rate crosses are in ns/yr. Boundaries shown as thin blue and 
gray lines are described in Figure 1a. (b) Rotational poles (rotational rates are listed in Table 4). For (a) and (b) bodies of 
water are light blue.
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of western region has a more E-W orientation that is consistent with the 
more N-S trending fault planes on the Arizona and New Mexico border 
(Figure 1a). Sites belonging to both the eastern and western regions are 
located on the CP southwest margin. The more E-W-oriented extension 
predicted in the western region may be acting on pre-existing NW-SE 
trending structures on the CP southwestern margin and earthquakes 
with NW-SE fault planes may not be entirely a product of GPE (Flesch 
& Kreemer,  2010). In contrast to the GPE modeling results (Flesch & 
Kreemer, 2010), we show no positive surface dilatation in the CPIB, and 
greater positive surface dilatation in the SDB. The SDB positive dilatation 
may be indicative of a separate process related to SBR extension.

4.2. Comparison of Geodetic and Geologic Rates

To the extent that brittle failure of the crust observed at the surface gives 
an indication of the average, long-term strain, the sum of the slip rates of 
Quaternary faults between two sites should be similar to the difference 
in secular background velocities between the two sites. To compare dif-
ferent parts of the study area, we selected sites CERB and PEFO in the 

north, and P003 and CLIF in the south (Figure 2 and Figures 7a and 7b). We define differences in velocities 
between sites as the western site minus the eastern site, with east and north velocities defined as positive. 
If the two sites are located on the same rotational block, the difference in block rotational velocity between 
sites is also removed, since it will not contribute to permanent deformation. To compare the crustal surface 
velocities with Quaternary fault activity, we summed fault slip rates from Pearthree (1998). Faults used in 
the summation are those which are at least partly located in a rectangular area or swath along the transect. 
The swath is defined as having a length equal to the east-west distance between the two sites and a width 
equal to the latitudinal distance of between CERB and PEFO (∼0.38°), which is the larger north-south 
distance between the sites of the two transects (Figures 7a and 7b). Slip rates are assigned for fault zones; 
multiple strands of a fault zone located in a swath are only counted once in the summation. Where ranges 
of slip rates are given, both the minimum and maximum are included in separate summations.

Most faults in the transects have an estimated slip rate or range of slip rates (Pearthree, 1998). For faults 
that have no estimate and are assigned a default category rate of 0.2 or 0.02 mm/yr, we use the estimates 
of nearby faults, which are less than the default category rate. The maximum slip rate of 0.12 mm/yr for 
the northern transect is that of the Big Chino fault (Figure 7a) for which detailed trenching data (Euge 
et al., 1992) is available. For the Cataract Creek fault zone (Figure 7a), where historic seismicity includes 
M 5.4 (Lay et al., 1994) and M 6.2 (Bausch & Brumbaugh, 1997) earthquakes, we use a maximum slip rate 
of 0.12 mm/yr, equal to that found at Big Chino fault, and a minimum rate of 0.01 mm/yr that is a typical 
minimum rate in the northern transect.
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Model E1(ns/year) SigE1 E2 (ns/year) SigE2 A1 SigA1

C −0.71 0.04 1.57 0.03 173.42 0.68

E −0.93 0.22 2.61 0.21 176.04 2.54

M −1.31 0.18 0.79 0.17 157.93 3.35

G −0.63 0.04 1.05 0.06 172.52 1.34

S −0.98 0.13 1.55 0.11 160.77 1.89

Note. Model strain rates (nanostrains/year) are for selected regions 
discussed in the text. E1 and E2 are principal strain rates and SigE1 and 
SigE2 are standard errors of E1 and E2. A1 is azimuth of E1 and SigA1 is 
standard error of A1. Selected model regions are as follows: all velocities 
(C); preferred model that includes Western region (E), eastern region 
excluding CPIB (G) and CPIB neotectonic block modeled separately 
from eastern region (M); Colorado Plateau physiographic region (S). 
Additional model information is provided in Table 1.

Table 3 
Strain Rates

Model Lon Lat Rot(deg/Ma) SigRot AzSMaj AxSMaj(deg) AxSMin(deg)

C 250.239 49.809 −0.034 0.002 173.28 0.96 0.20

E 251.377 50.618 −0.057 0.009 10.08 3.69 0.31

M 247.487 40.804 −0.068 0.007 145.25 0.77 0.27

G 239.235 65.278 −0.012 0.002 156.15 7.83 0.74

S 247.252 41.732 −0.067 0.005 152.44 0.68 0.26

Note. Model poles and rates of rotation for selected regions are discussed in the text. Negative rotation (Rot) is clockwise 
motion. AzSMaj is direction of semi-major axis. AxSMaj and AxSMin are lengths of semi-major and semi-minor axis 
of pole ellipse. Table 3 gives description of selected regions modeled and additional model information is provided in 
Table 1.

Table 4 
Poles and Rotational Rates
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Only normal faults are summed, and fault motion is assumed to have no oblique motion. The slip rates given 
in Pearthree (1998) are estimated vertical rates. The relationship between vertical rates and horizontal rates 
is dependent on fault geometry. Seismogenic normal faults typically occur on fault planes dipping between 
30° and 60° (Jackson, 1987; Jackson & White, 1989). Since fault geometry at depth is largely unknown, for 
our first order comparison of geologic and geodetic rates we assume 45° dipping faults and vertical rate is 
equal to horizontal rate.

Under predominately east-west extension, indicated by the secular background velocity field and strain-
rate analysis discussed above (Figures 2a and 6a), the east component of the horizontal rate is the absolute 
value of the cosine of the strike multiplied by the horizontal rate (Wesnousky et al., 2005). The north com-
ponent is the sine of the strike multiplied by the horizontal rate and positive for faults striking 0°–90° and 
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Figure 7. Transects, relative rates and cumulative Quaternary fault slip rates. Location of transects (a, b) with Quaternary faults (red) earthquake locations 
(gray circles) (Lockridge, Fouch, & Arrowsmith, 2012; U.S. Geological Survey, 2019), rectangles where slip-rates are summed (black dashed), Big Chino fault 
(BC), Cataract Creek fault zone (CC), black and blue lines are described in Figure 1a. Relative north (N) and east (E) velocities between sites (c–f). Time-
invariant velocities (blue) with ± two-sigma uncertainties (blue dash), time-invariant velocities plus modeled postseismic velocities over a 7-year period (red). 
Cumulative Quaternary fault slip rate from minimum to maximum (gray). Small plots on right show cumulative Quaternary fault slip rates as in main figure. 
Time-invariant velocities (blue), secular background velocities (green), secular background minus rigid block rotation velocities, where applicable (black) with 
± two-sigma uncertainties.
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180°–270° and negative for faults striking faults 90°–180° and 270°–360°. Fault strikes are averages as given 
by Pearthree (1998).

The sites defining the northern transect are PEFO, located in the CPIB and CERB, located in the SBR. The 
transect crosses the model boundary separating the CPIB and western region, the NASB, and the physio-
graphic boundary of the CP (Figure 7a). The Quaternary faults are concentrated in the western region with 
the Big Chino and Cataract Creek faults (Figure 7a) contributing most of the cumulative slip rate. Remov-
ing the velocities associated with the locked SAFS and GCTS reduces the discrepancy compared to that of 
the time-invariant velocities. The discrepancy between the secular background velocities and the average 
cumulative Quaternary fault slip rate is about 0.1 and −0.41 mm/yr for the north and east components, re-
spectively (Figures 7c and 7d). The north component cumulative slip is within the uncertainties of the sec-
ular background velocities, while the east component overlaps the lower bound of the secular background 
velocity uncertainties (Figures 7c and 7d).

The SDB is located in the western region, where strain rates are higher than the CPIB and the eastern re-
gion, yet surface evidence of brittle failure and historical seismicity are low (Figure 1a). The southern tran-
sect (Figure 7b), between sites P003 and CLIF, spans most of the SDB and part of southeastern Arizona. This 
transect is wholly located in the western region and on a single rotational block (Figure 2b). Quaternary 
faults are sparse with a greater occurrence in the eastern portion of the transect and cumulative slip rates 
are a few hundredths of a mm/yr different than zero (Figures 7e and 7f). Removing the SAFS and GCTS 
elastic loading influence from the time-invariant velocities reduces the difference between the geodetic rate 
and cumulative slip rate, but not entirely for the eastern component (Figures 7e and 7f). The differences 
in velocity between P003 and CLIF associated with rigid block rotation are about −0.02 mm/yr in the east 
component, but the northern component of velocities differ by about 0.32 mm/yr. This difference results 
from the different locations of the sites relative to the pole of rotation estimated for this region. After remov-
ing rigid block rotation from the secular background velocities, the geodetic-geologic discrepancy is about 
−0.35 and −1.3 mm/yr for the north and east components, respectively. Removing the rigid block rotation 
increases the discrepancy for the northern component (Figure 7e). However, the Quaternary fault slip rate 
northern component is at the lower bound of the velocity uncertainty (Figure 7e).

4.3. Geodetic and Geologic Discrepancies

Discrepancies in geodetic and geologic rates are not uncommon (e.g., Dolan & Meade,  2017; Evans 
et al., 2016; Meade et al., 2013; Petersen et al., 2014; Thatcher, 2009). Wesnousky et al. (2005) interpret the 
results of their paleoseismic transect in the northern Great Basin to yield a geologic rate over the last 20–45 
ky that is less than geodetic rate. The low levels of seismicity and cumulative Quaternary fault slip rates 
in the SDB could be related to several factors or combinations of factors. Most of the crustal extension in 
the SBR occurred during the Oligocene and Miocene and was accommodated by low-angle normal faults, 
some of which had several km to tens of km of displacement (Spencer & Reynolds, 1989). Existing, mature 
faults that have undergone large displacements in the past and low-angle normal faults may behave weakly 
(Axen, 2007; Holdsworth, 2004; Hreinsdóttir & Bennett, 2009). Thus, it is possible that some portion of the 
secular background-related strain in the SBR and SDB may be released aseismically through fault creep 
(e.g., Harris, 2017). Mazzotti et al. (2011) suggest aseismic deformation may occur in actively deforming are-
as of low background seismicity where geodetic strain rates are in excess of strain rates determined from the 
earthquake catalog. Deformation through faulting may be distributed throughout the extended crust such 
that surface ruptures are small and/or dispersed and difficult to recognize in the landscape. Foy et al. (2012) 
and Lifton et al. (2013) suggest deformation that is difficult to observe in the geologic record could con-
tribute to the geodetic-geologic rate discrepancies in the eastern California Shear Zone-Walker Lane area. 
Although the strain rates imply predominately east-west extension, there may be unrecognized strike-slip or 
oblique motion that would result in less vertical offset and therefore be less conspicuous in the landscape. 
This unrecognized motion could lead to an incomplete summation of the geologic rates along the transects. 
Singleton (2015) found evidence for post ∼11-Ma, NW-striking dextral and oblique dextral-normal faults 
at the Buckskin-Rawhide metamorphic core complex near longitude W113.75° and latitude N34°. Thacker 
et al. (2020) analyzed structural data of the lower Colorado River corridor located inboard of the SAFS along 
California-Arizona border (Figure 1) and characterize post-12 Ma deformation occurring before, during, 

BROERMANN ET AL.

10.1029/2020JB021355

13 of 19



Journal of Geophysical Research: Solid Earth

and after the deposition of the ca. 6–4.8 Ma Bouse Formation as a broad, diffuse zone of low strain dominat-
ed by E-W extension with a portion of the E-W extension taken up on reactivation of NW-SE striking faults 
resulting in oblique dextral-normal and dextral faults.

Coseismic and postseismic deformation associated with large earthquakes near the SAFS can temporarily 
reverse extension and place the SBR under shortening conditions (Kreemer et al., 2015) (Figure 3) leading 
to an oscillatory extension-contraction pattern and time-varying velocities between sites (Figure 7f). It may 
be possible that this fluctuation of strain rates inhibits brittle failure. This coseismic and postseismic defor-
mation may interact with a weakly extensional process in the SBR, such that extension becomes limited. 
A more accurate separation of SAFS-GCTS and SBR-CP deformation processes may be achievable using 
more detailed models of the SAFS and GCTS, with a time-varying component that includes SAFS and GCTS 
seismic cycle(s). Consideration could also be given to postseismic strain that loads faults, mostly in the near 
field (e.g., Freed & Lin, 2001, 2002), and contributes to the strain that is released seismically. A model with 
a long-term time-varying component that includes coseismic and postseismic deformation may provide in-
sight on interpreting of GPS observations collected over a period of decades in the context of 100s to 1000s 
of years of time-varying velocities.

Extending the transects to the east and west may lead to reduction in the geodetic-geologic discrepancy. For 
the southern transect, the fault density is greater to the east of the transect where the strain rate is lower. 
Extension is inferred to the southwest of the western end of the transect, where the Algodones fault (Fig-
ure 1a) is thought to have normal and strike-slip displacement with a vertical slip rate of 0.02–0.04 mm/yr 
(Pearthree, 2011). This change of scale over which the discrepancy is calculated may not necessarily explain 
the higher strain rates in the SDB, but may lead to a lower, regional geodetic-geologic discrepancy. However, 
between about latitude N33.5° and N34° the number of faults encountered on east-west transects becomes 
smaller, so extending a transect in this area may not have much effect on any discrepancy.

5. Conclusions
The SBR is a dynamic area where velocities and hence strain rates can fluctuate as a result of the SAFS and 
GCTS seismic-cycle-related activity outside of the study area. The fluctuations arise as SAFS and GCTS 
strain accumulates and is released resulting in coseismic and postseismic deformation. SBR and CP GPS 
velocities are low and the time variability of the deformation field compounds the difficulty in separating 
SBR and CP deformation from the earthquake cycle of the SAFS and GCTS to the west and southwest. After 
removing from the GPS data coseismic and postseismic effects and crustal surface velocities associated with 
the elastic loading that is released through earthquakes along the SAFS and GCTS, we find three distinct 
secular background velocity regions that are modeled as rotating blocks with uniform strain rate. The re-
gions are a relatively lower strain rate eastern region, a relatively higher strain rate western region, and the 
CP interior block (CPIB). The eastern region and CPIB have extensional principle strain rate axes are to the 
WSW indicating possible common regional process(es) of extension such as gravitational potential energy. 
The western region extensional principle axis is more E-W directed and may reflect a separate SBR exten-
sional process. We find that the CP physiographic region is better modeled with rotation and uniform strain 
rate, rather than rotation only.

Our modeled secular background strain rates are higher than expected across southern Arizona where 
Quaternary fault density and seismicity are low. We also find discrepancies between secular background 
velocities and cumulative Quaternary fault slip rates, with smaller discrepancies in northern Arizona than 
in the south. The southern transect discrepancy is not dependent on the choice of the eastern site, in that 
sites nearby CLIF would also show a similar discrepancy, and this independence gives robustness to the dis-
crepancy of the southern transect. The discrepancies show the extension rates based on secular background 
velocities are in excess of the inferred geologic rates of extension and this suggests that strain is available to 
be stored elastically and released through seismic activity and possibly large surface rupturing earthquakes. 
However, geodetic-geologic discrepancies are not uncommon and other factors may contribute to the geo-
detic-geologic discrepancy making it difficult to assess at what rate elastic strain is accumulating and how 
that rate of accumulation may affect future earthquakes. The northern transect has a smaller geodetic-ge-
ologic discrepancy and both higher seismicity and Quaternary fault density than the southern transect. 
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When comparing the geologic rate as a percentage of the geodetic rate, the percentage is larger for northern 
transect than for the southern transect and implies that along the northern transect more of the available 
strain is accumulating elastically and releasing through brittle failure, than along the southern transect. 
What processes or mechanisms underlie and lead to the discrepancies, particularly that of the southern 
transect and why it is much larger than the northern transect, merits further investigation.

The weakly deforming SBR and CP, located adjacent to the SAFS and GCTS of the PA-NA plate boundary, 
presents a challenging environment in which to separate the subtle SBR and CP processes of deformation 
from the seismic cycle of the highly active major transform fault systems to the west and southwest. To ad-
dress this challenge, we find that SAFS and GCTS related deformation driven from outside the SBR and CP 
domain should be carefully considered when investigating long-term deformation within the SBR and CP.

Data Availability Statement
GPS data collected at the EarthScope sites as part of this project are available at UNAVCO (https://www.
unavco.org/data/gps-gnss/gps-gnss.html). GPS coordinate time series were downloaded from geodesy.unr.
edu (last accessed October–November 2015), except site AMTN that was processed at the University of Ari-
zona. All observed GPS time series are available in Supporting Information Data Set S1. Geodetic velocities 
are given in Tables S1 and S5 with GPS networks associated with the sites. Fault slip rate data are based on 
Pearthree (1998), Plattner et al. (2015), and Spinler et al. (2010, 2015). Fault slip model data are from SRC-
MOD (http://equake-rc.info/srcmod), U.S. Geological Survey (http://earthquake.usgs.gov/earthquakes) 
and Southern California Earthquake Data Center (https://doi.org/10.7909/C3WD3xH1), with additional 
information given in Table S2. Source code for PSGRN/PSCMP (R. Wang et al., 2006) is available at ftp://
ftp.gfz-potsdam.de/home/turk/wang. Source code for TDEFNODE McCaffrey (2005) is available at http://
www.web.pdx.edu/∼mccaf/defnode.html.
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