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Abstract

Analysis of the alignment of geologic features and the use of GPS strain 

measurements are very different approaches to understanding crustal deformation 

histories and crustal and upper mantle properties.  In this dissertation, two study areas 

with markedly different environments are evaluated using these approaches.  The first 

study area includes the Guinea Plateau offshore West Africa that is part of a complex 

passive-margin system formed during two phases of rifting during the Jurassic and 

Cretaceous.  Circular features revealed in two 3D seismic reflection surveys are 

interpreted to be extrusive volcanic features or vents emplaced after the cessation of 

Cretaceous rifting and opening of the Equatorial Atlantic Ocean.  Statistically significant 

alignments of the vents implies that their distribution was influenced by faults or 

fractures not obvious in the seismic data alone.  The existence of inferred alignments 

provides additional information about possible structures in the area of the volcanic vents

that can be compared to more regional structures, giving better insight to magma 

migration and extrusion and structure of the Guinea Plateau.  The alignment in one of the 

3D survey areas is sub-parallel to oceanic fracture zones and continental lineaments that 

may extend into the survey and could have influenced the distribution of the volcanic 

features.  The alignment in a separate 3D survey area is sub-parallel to the shelf-break 

and thought be related to inferred oceanward crustal thinning.  Employing a different 

approach to the analysis of deformation, the second study area focuses on the Southern 

Basin and Range and Colorado Plateau, a weakly deforming area that is still capable of 
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producing large earthquakes such as the 1887 Mw 7.5 Sonoran earthquake.  To better 

constrain crustal motions and investigate the distribution of strain rates several hundred 

kilometers from the Pacific-North American plate boundary, an expanded GPS network 

of 34 sites was installed to complement existing continuous and campaign networks.  

Coseismic and postseismic deformation associated with earthquakes outside the study 

area, including the 4 April 2010 Mw 7.2 El Mayor–Cucapah, affected the GPS time series

resulting in time-varying crustal surface velocities that obscured the background tectonic 

deformation.  Through a deformation model, viscosities of the lower crust and upper 

mantle are estimated and the effects of earthquakes dating back to 1887 are removed 

from the time series to yield a time-independent or background secular velocity.  A total 

velocity uncertainty is calculated that includes uncertainty of the time-independent 

velocities related to uncertainty in the viscosity estimates.  Displacement histories are 

used to illustrate how earthquakes along the Pacific-North American plate boundary can 

temporarily impede extension in the Southern Basin and Range, particularly in 

southwestern Arizona.  The time-independent velocities are used to calculate strain rates 

using latitudinal and longitudinal velocity profiles on one-degree increments.  On a 

statistically significant basis, the velocity profiles are modeled with two linear segments 

rather than a single linear segment.  Using the break points dividing the segments, the 

study area can be separated into a relatively lower-strain-rate eastern domain and a 

relatively higher-strain-rate western domain.  The break points are interpreted to signify a

boundary zone approximately 1000 km in length that overlaps tectonic and deformational

boundaries described in previous studies.  Comparing the time-invariant velocities with 

cumulative extensional slip rates of Quaternary faults across the area reveals a 
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discrepancy in a portion of the area that is difficult to explain, but may be related to the 

time-varying velocities resulting from earthquakes on the Pacific-North American plate 

boundary.

1  Introduction

Active, and evidence of past, deformation are detectable through very different 

types of observations, but provide insights into crustal deformation processes, rheologies,

extant and paleo-stress distributions, and subsurface structures.  In this dissertation, two 

approaches to the analysis of deformation and crustal processes are focused on two very 

different study areas with markedly different environments and histories.  One study area 

is on the Guinea Plateau offshore West Africa (Figure 1) where circular features observed

in industry seismic reflection data are tested for preferred alignments and compared to 

deformation inferred from seismic reflection and free-air gravity data.  The second study 

area is the southwestern United States (US) with a focus on the Southern Basin and 

Range (SBR) and Colorado Plateau (CP) (Figure 2) where Global-Positioning-System 

(GPS) data is used to estimate viscosities of the Earth’s lower crust and mantle, time-

invariant and time-varying crustal surface velocities and strain rates.  The strain rates are 

then used to divide the area into two deformation domains.  Velocities and strain rates 

which reflect contemporary deformation are compared to deformation preserved in the 

geologic record as Quaternary fault scarps.  The studies summarized below and given in 

greater detail in the appendices involve deformation of the crust in the past, in the case of 

the Guinea Plateau, and ongoing deformation with a comparison to the past in the 
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southwestern US.

The Guinea Plateau is part of a complex transform continental margin that formed

during separate phases of Atlantic rifting during the Jurassic and Cretaceous (Benkhelil et

al., 1995).  Circular features revealed in 3D seismic reflection data acquired on the 

Guinea Plateau and inferred to be volcanic in origin are tested for a preferred alignment 

that could be related to subsurface structures or to local to regional stress fields.  The two 

point azimuth (TPA) method of Lutz and Gutmann (1995) is used for this alignment test.  

The alignment of the volcanic features and the deformation that may have influenced 

their alignment can give further insight into the structure of the Guinea Plateau where the 

volcanic features are located.  Structures related to the deformation and the evolution of 

the Guinea Plateau that may have influenced the alignment of the circular features are 

investigated outside the 3D seismic surveys with 2D seismic data and gravity profiles.  

The details of this study are summarized in Section 1.1 below and included in Appendix 

A.

A very different approach to the analysis of crustal deformation is applied to the 

southwestern United States.  Global Positioning System (GPS) time series in this region 

were affected by earthquake coseismic and postseismic deformation resulting in time-

varying crustal surface velocities.  To interpret the long-term or background secular 

velocities of the study area, the co/postseismic effects must be removed to the best extent 

possible.  The background secular velocities can then be used to calculate strain, which 

has implications for seismic hazard and is necessary for studying the deformation patterns

in the study area.  We remove the earthquake related deformation with a coseismic and 

postseismic deformation model to estimate the time-invariant or background secular 
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crustal surface velocities (Hammond et al., 2010).  In the process of removing the 

earthquake effects, lower crustal, lithospheric and sublithospheric viscosities are 

estimated.  With the estimated background secular velocities and the modeled coseismic 

and postseismic deformation, we estimate the time-varying nature of the surface 

velocities and displacements.  These displacement histories at GPS site locations are 

compared between sites to indicate how the long-term effects of the earthquakes may 

affect deformation between the sites.  Section 1.2.1 below gives an overview of this work

and the details are given as appendix B.

With the background secular velocities that are assumed to represent long-term 

deformation, we calculate two-dimensional strain rates, and find that the area of the 

southwestern US from approximately latitudes N32o to N38o and longitudes W104o to 

W115o (Figure 2 and Figure 5) can be divided into two deformation domains.  A 

relatively higher western-strain-rate domain and a relatively lower eastern-strain-rate 

domain are separated by a domain boundary that is likely a gradational boundary zone.  

Background secular velocities in a North American reference frame (Blewitt et al., 2013) 

are compared to the cumulative extensional slip rates of Quaternary faults in the region, 

which reveals a rate of crustal motion discrepancy in the central latitudes of the area that 

is difficult to explain.  This discrepancy could be related to a number of factors including 

the cyclic nature of large earthquakes along the Pacific-North American plate boundary, 

located to the southwest of the area, or the differing extensional histories within the area. 

Section 1.2.2 is a brief overview of the strain-rate analysis and comparison of geologic 

slip rates and geodetic rates.  Appendix C provides greater detail of this study.

An example of how the analysis of alignment of volcanic vents, the structures 
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inferred to have influenced their alignment and contemporary deformation can be used in 

a complementary way is discussed in Section 1.3.  The combined use of the two types of 

analysis is not discussed in the appendices, but is given here as an example of how the 

two approaches could be used together.  A volcanic-vent TPA analysis of the San 

Bernadino volcanic field in southeastern Arizona is compared to the results of the strain 

analysis of the southwestern US..  This example shows the possible connection between 

past deformation, volcanic-vent distribution and current deformation.

1.1  Guinea Plateau

The Guinea Plateau is a large submarine plateau offshore of West Africa (Figure 

1a) and part of a passive-margin system that formed during two phases of Mesozoic 

Atlantic rifting.  The northwest margin, a typical rifted margin, formed during the 

Jurassic opening of the Central Atlantic (Benkhelil et al., 1995; Pindell et al., 2006; 

Rueber et al., 2016) and the southern margin, is thought to have formed through 

intracontinental transcurrent motion during the Cretaceous opening of the Equatorial 

Southern Atlantic (Benkhelil et al., 1995; Moulin et al., 2010; Edge, 2014).  The Guinea 

Fracture Zone separates the oceanic crust of the two rifting events and WNW- and ENE-

trending oceanic fracture zones (Jones, 1987) (Figure 1b).  To the southwest of the 

Guinea Plateau are several seamounts of Paleogene age and the Sierra Leone Rise 

bathymetric high (Jones et al., 1991; Peyve, 2011; Bertrand et al., 1993; Skolotnev et al., 

2012; Kharin, 1988).  Water depths increase from 500 m on the shelf edge to over 4000 m

in the ocean basin (Figure 1b, Figure 1c).
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Seismic reflection data released to the University of Arizona by the 

Hyperdynamics Corporation from the relatively unexplored Guinea Plateau include two 

3D surveys near the shelf edge and 2D surveys covering much of the southern part of the 

plateau.  These data allowed the identification of several important volcanic and 

structural features.  The 3D seismic data of Surveys A and B (Figure 1b and Figure 1c) 

reveal circular patterns in plan view with conical to cylindrical morphologies in three 

dimensions that are inferred to be of volcanic origin and to post-date Cretaceous rifting 

(McMillan, 2012; McDougall, 2013).  These volcanic features or vents are now buried 

under several hundred meters to more than 1 km of post-rift sedimentary rocks, but were 

thought have erupted at the surface at the time of emplacement (McMillan, 2012; 

McDougall, 2013).  A large listric normal fault with up to 4 km of throw is located in the 

southeastern part of Survey A (McDougall, 2013; Edge, 2014).  Its strike is to the NW in 

the southernmost part of the survey area and becomes more WNW to the northwest.  Syn-

rift volcanics have been identified in the survey areas (Koch, 2015) and, overall, based on

the relatively low volumes of interpreted volcanics, the margin is considered to be 

magma poor (Kardell, 2016).  The primary focus of this study is the distribution of the 

post-rift volcanic features of Surveys A and B.

Alignment of volcanic vents can imply that, as magma rose to the surface, there 

was a controlling factor facilitating emplacement and/or eruption of magma, such as 

existing faults or fractures or the creation of new fractures perpendicular to the least 

compressive stress during magma transport (Lutz and Gutmann, 1995; Delaney et al., 

1986).  The distribution of the volcanic features of Surveys A and B were tested for a 

statistically significant alignment using the Two Point Azimuth (TPA) method of Lutz 
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and Gutmann (1995).  The tests can aid in locating the possible existence of structures 

beyond what can be inferred from the seismic data alone and add to our understanding of 

the structurally complex Guinea Margin.  This added information could benefit our 

understanding of the crustal evolution of a region that is an area of ongoing oil 

exploration.

To compare the alignments indicated by the TPA analysis to the regional geology 

we use the 2D seismic profiles and gravity data to locate structures and infer crustal 

thicknesses.  To help identify large-scale structures, 2D seismic profiles covering a large 

portion of the survey area were converted from time to depth.  The velocity model used in

depth conversion was based on check-shot logs from the single well available to the 

recorded depths of the logs, and stacking velocities from selected 2D seismic profiles 

thought to be representative of the area.  The structure of the Guinea Plateau was 

previously investigated by Jones and Mgbatogu (1982) using seismic refraction and free-

air gravity data.  Free-air gravity profiles are plotted through Surveys A and B and 

compared to the results of Jones and Mgbatogu (1982) to make inferences about crustal 

thickness in the survey areas.

The TPA results for Survey A indicate a statistically significant alignment of the 

volcanic features with azimuths of N80oW and N70oE-N90oE or 70-100 degrees, with 

North being 0.  This corresponds with the N80oW-trending Guinea Fracture Zone and the 

N70oE-trending fracture zones of the Sierra Leone Basin (Figure 1b).  The Guinean-

Nubian lineaments is an intra-plate fault zone, trending generally N70oE to N80oE, that 

extends across Africa from the Red Sea to the Senegal-Guinea margin (Guiraud et al., 

1985; 1987) that has been associated with the mid-Albian Los Archipelago ring structure 
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east of Survey A (Moreau et al., 1996) (Figure 1a).  Survey A lies near the seaward 

projection of the Guinean-Nubian lineaments as suggested by Basile et al. (2005) and the 

landward projection of the Guinea Fracture zone and the fracture zones of the Sierra 

Leone Basin (McDougall, 2013).  Survey A is located on the shelf in an area of relatively 

thicker crust as compared to the inferred thinner crust of Survey B.  This could imply 

faulting with a larger transtensional or transverse component or less faulting in general.  

Possibly, the landward continuation of the fracture zones and or seaward continuation of 

the Guinean-Nubian lineaments facilitated the emplacement of volcanic features in 

Survey A.

TPA results for Survey B indicate that the volcanic features have a preferred 

alignment of N50oW-N60oW.  Structures mapped using a regional Jurassic unconformity 

from the depth-converted 2D seismic profiles and crustal thicknesses inferred from free-

air gravity profiles were compared to this alignment direction.  The alignment in Survey 

B appears to be related to thinner crust and a continuation of extension beneath the steep 

bathymetric gradient located between Surveys A and B (Figure 1c).  A flexural hinge 

zone north of Survey B and likely related to Jurassic rifting diminishes in the amount of 

flexure in the area of volcanic features.  The hinge zone, due to its strike and location 

slightly outside of Survey B, does not appear to have influenced the alignment but may 

have weakened or deformed the crust in Survey B that was later extended during 

Cretaceous rifting.

1.2  Southern Basin and Range and Colorado Plateau

The Colorado Plateau (CP) is a mildly deformed region relative to its 
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surroundings with a thick crust (e.g., Zandt et al., 1995; Parsons et al., 1996; Qashqai et 

al., 2016) and an average elevation of approximately 2 km (Pederson et al., 2002) (Figure

2).  In contrast the Southern Basin and Range (SBR) (Figure 2) underwent crustal 

shortening in the Laramide followed by mid-Tertiary extension resulting in core complex 

development and up to 40 to 60% extension (Coney and Harms, 1984).  Late Miocence 

and younger high angle-normal faulting resulted in an additional 10-20% extension 

(Menges and Pearthree, 1989) with limited extension in western Arizona (Spencer and 

Reynolds, 1989).  New Mexico also experienced two periods of extension (Baldridge et 

al., 2006);  Late Oligocene through early Miocene extension produced relatively shallow 

basins and mid-Miocene through Holocene extension included high-angle normal faults, 

some which formed the Rio Grande Rift (Baldridge et al., 2006).  High-angle Basin-and-

Range-style faulting decreased during the Pliocene in Arizona and New Mexico (Menges 

and Pearthree, 1989; Machette, 2000).  Since the Quaternary, surface-rupturing 

earthquakes have formed fault scarps non-uniformly throughout the area, indicating 

continued extension (Figure 2).

1.2.1  Time-independent and Time-varying Velocities, and Viscosity Estimates

Crustal surface velocities of the SBR and CP are small relative to those near the 

plate boundary.  Previous studies indicate westward velocities, relative to a stable North 

American reference frame, increasing from approximately 1 mm/yr or less near the Rio 

Grande Rift to more than 2 mm/yr near the California-Arizona border (Kreemer et al., 

2010b; Berglund et al., 2012).  Even though the strain rates are small, large earthquakes 
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have occurred in the past as evidenced by Quaternary fault scarps located in the region 

and the magnitude 7.5 1887 Sonoran earthquake just south of the U.S. border in northern 

Mexico (Suter, 2008) (Figure 4).  Thus, understanding the velocity field and strain rates 

in the SBR and southern regions of the CP has relevance to seismic hazard and 

additionally to the broader understanding of deformation of the North American plate 

hundreds of kilometers away from the North American-Pacific Plate boundary.  

The Northern Basin and Range and Wasatch Fault zone have been studied in 

greater detail through GPS than the SBR (Bennett et al., 2003; Niemi et al., 2004; 

Hammond et al., 2009; Kreemer et al., 2009; Kreemer et al., 2010a; Berglund et al., 

2012).  To further our understanding of the velocity field in the SBR and CP, 34 

additional GPS sites were installed starting in mid-2010 to complement the existing PBO 

installations (Herring et al., 2016), National Oceanic and Atmospheric Administration 

continuously operating reference sites (CORS) and campaign data collected in Arizona 

(Figure 3).

Before installation of the new sites began, coseismic and postseismic deformation 

related to the magnitude Mw 7.2 El Mayor-Cucapah earthquake (EMC) (Wei et al., 2011)

(Figure 4) substantially altered the velocity field in the SBR.  Earthquakes in 2009 and 

2012, farther south in the Gulf of California, were also discovered to have had an effect 

on the GPS time series in southern Arizona (Figure 4).  Postseismic deformation of past 

earthquakes can have effects lasting several years to decades (Hammond, 2005; Freed et 

al., 2007; Thatcher and Pollitz, 2008).  To remove these effects, we constructed a 

deformation model using PSGRN/PSCMP (Wang, 2006) with rheologies and crustal and 

lithospheric mantle thicknesses based, in part, on previous studies (e.g. Pollitz, 2003; 
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Hammond et al., 2010; Spinler, 2015; Hetland and Hager, 2005; Hearn et al., 2009; 

Pollitz, 2015; Hearn et al., 2013; Meade et al., 2013; Pollitz et al., 2012).  In the 

deformation model (Figure 5), the upper crust is 15 km thick and elastic and the lower 

crust is also 15 km thick and considered to behave as a Maxwell viscous material.  The 

lithospheric mantle at depths of 30 to 60 km and the sublithospheric mantle below 60 km 

is modeled with a Burgers rheology.  A Burgers rheology has a Maxwell element in series

with a Kelvin-Voigt element (Figure 5) and can capture the rapid deformation 

immediately after an earthquake and the following more gradual deformation when the 

Maxwell-element viscosity is greater than the Kelvin-Voigt viscosity (Pollitz, 2003; 

Hetland and Hager, 2005).  We use a Maxwell element viscosity that is 10 times the 

Kelvin-Voigt-element viscosity as has been used in other studies (e.g. Hearn et al., 2013; 

Meade et al., 2013; Pollitz et al., 2015).

Using slip models of the El Mayor–Cucapah earthquake (Wei et al., 2011), the 

two events in the Gulf of California in 2009 (Hayes, 2009) and 2012 (USGS, 2017), and 

the 1992 Landers (Wald and Heaton, 1994) and 1999 Hector Mine (Salichon et al., 2004) 

earthquakes from the Mojave Desert, we searched for the viscosity structure that best 

removed the postseismic effects of the earthquakes and gave a linear GPS time series 

with superimposed annual and semi-annual fluctuations.  The search was performed by 

selecting 3072 random viscosity structures with Maxwell viscosities ranging from 1018 to 

1021 Pa s and subtracting the predicted co/postseismic deformation from the observed 

data to yield an adjusted time series.  The best-fitting viscosity structure is associated 

with the adjusted time series that is fit best with a linear model of annual and semi-annual

fluctuations, equipment offsets, and offsets related to modeled coseismic underestimation
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or overestimation.  The search yields a best-fitting viscosity structure that has a Maxwell 

viscosity of 1019.92 Pa s for the lower crust.  The Maxwell and Kelvin-Voigt viscosities for

lithospheric mantle are 1019.55 and 1018.55 Pa s, respectively and Maxwell and Kelvin-Voigt

viscosities for sublithospheric mantle are 1018.78 and 1017.78 Pa s, respectively.  Having 

found the viscosities that best remove the effects of the most recent earthquakes, the 

postseismic deformation from the 1887 Sonoran (Suter, 2008) , 1892 Laguna Salada 

(Meuller and Rockwell, 1995; Hough and Elliot, 2004), and 1940 Imperial Valley 

earthquakes were also removed.  The linear rate of this adjusted time series, after all 

earthquake effects have been removed, is the background secular rate (Hammond et al., 

2010) that would be expected to be observed if no earthquakes had occurred.

Uncertainty in the viscosity leads to uncertainty in the velocities estimated from 

the adjusted time series.  The misfit of the 3072 random viscosity structures determined 

in the search procedure is resampled using the NA-Bayes method of Sambridge (1999) to

find a range of likely viscosity structures.  The viscosity structures that are within the 

68% confidence region containing the global maximum probability are used to find a 

standard deviation of velocities associated with these likely viscosity structures.  The 

viscosity-based velocity uncertainty is added to the formal uncertainty of the weighted-

least-squares fit of the adjusted time series to obtain a total velocity uncertainty.  The 

viscosity-based uncertainties are large close to the earthquake epicenters and decrease 

with distance.  At a distance of approximately 200 km, the viscosity-based uncertainties 

become less than or equal to the formal uncertainties in the SBR and CP regions.

The background secular velocities of the SBR and CP are predominately west 

directed, with respect to the NA12 North American reference frame (Blewitt et al., 2013),
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with some north-south variation.  Earthquakes on the southern San Andreas Fault system 

and in the Mojave Desert, such as the EMC and Hector Mine earthquakes, temporarily 

reverse the westward motion of GPS sites in southwestern Arizona and, over a period of 

decades, reduce their velocities.  When comparing displacement histories of 

approximately 187.5 years between GPS sites in southwestern Arizona to those farther to 

the east, under background secular conditions, the relative distances between sites 

increase at a constant rate.  When modeled coseismic and postseismic displacements are 

added to the site-displacement histories, the rate of separation between them decreases, in

one case up to 68%.  The combined effects of the Sonoran 1887 earthquake and those 

along the plate boundary have also reduced the rate of separation between the sites in 

southeastern and southwestern Arizona, although the recurrence interval of earthquakes 

in the SBR and CP is much longer, several 10 ky to 100 ky or more (Pearthree, 1998), 

than for earthquakes along the San Andreas Fault system.  Large earthquakes along the 

plate boundary can have large temporary effects on the crustal motions relative to their 

estimated background secular velocities in the SBR, particularly in southwestern Arizona.

Depending on the frequency of future earthquakes along the plate boundary and the 

distance of site locations from the plate, the background secular velocity may be 

approached, but may never be reached, because of the effects of recurrent earthquakes 

and postseismic deformation.

1.2.2 Strain Rates and Deformation Domains

Calculating two-dimensional strain in areas of weak deformation and variable 
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densities of spatial sampling can be challenging (e.g., Hammond et al., 2014; Baxter et 

al., 2011).  Velocity profiles can alleviate some of these problems (Bennett et al., 2003; 

Berglund et al., 2012).  We use east and north components of the site velocities to create 

profiles on lines of latitude and longitude with one degree increments.  The slopes of 

linear fits to the profiles yield the four components of the velocity-gradient tensors at the 

profile intersections, which can then be used to find dilatational and total strain (Kreemer 

et al., 2014) on a two-dimensional grid (Hackl et al., 2009).

A number of the velocity profiles appear to be composed of two distinct segments 

rather than exhibiting a single linear trend.  A model with two linear segments and a 

breakpoint was fit to the data and checked for statistical significance using an F-test.  The

breakpoint that minimizes the difference between the velocity profile and the piecewise-

linear models is used as a best-fitting model.  The latitudinal profiles of the east 

component of velocity have two distinct slopes indicating areas of differing strain rates.

Three manual adjustments are made to the locations of the best-fitting breakpoints

on three separate profiles.  These adjustments are made to reduce an unusually large 

predicted velocity gradient between segments, take better advantage of an area of high 

site density and to reduce an area of contraction, which is unreasonable under the 

assumption that the area is extending.  The breakpoints separating the segments of the 

latitudinal profiles of the east component of velocity are considered to represent a 

physical boundary separating a lower strain eastern domain and a higher strain western 

domain.  There is uncertainty in the location of the domain boundary due to the spacing 

between site locations and the assumption that the boundary is located at the midpoint 

between sites.  And, as with the three adjustments mentioned above, the best fitting 
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model may not necessarily be the best in a physical sense or take the best advantage of 

the available data, but is a marked improvement over using a single linear fit.

We show the boundary as a zone ~ 100 km in width centered on the breakpoints 

(Figure 6). Two of the three adjustments to the breakpoints affect the location of the 

boundary zone and the original breakpoint locations are within the 100-km-wide zone.  

The boundary zone is approximately 1000 km in length and irregular in shape.  In the 

north, the boundary zone is located to the east of the Intermountain Seismic Belt (Smith 

and Sbar, 1974) and the tectonic boundary of Brumbaugh (1987).  It then follows the 

trend of the Northern Arizona Seismic Belt (NASB) (Brumbaugh, 1987) and the 

southwestern edge of the Colorado Plateau Interior Block (Menges, 1983; Menges and 

Pearthree (1989) before tending southwest to the eastern side of the Sonoran Desert 

Block (SDB) (Menges, 1983; Menges and Pearthree 1989).

The eastern deformation domain has an average dilatational strain rate of 0.7 – 1.0

ns/yr while the western domain has an average dilatational strain rate of 3.2 – 3.4 ns/yr.  

The total strain has a similar relationship with the higher strain western domain having 

about three times the strain rate as the eastern domain.  The higher strain rates are 

consistent with NASB and Quaternary faults of northern Arizona, but not easily 

explained in the southwestern part of the area that includes the SDB, where seismic 

activity is lower (USGS, 2017) and few Quaternary faults are found (Pearthree, 1998) .

When summing slip rates of Quaternary faults along 0.1-degree swaths from 

longitude W104o to W115o and comparing these to the background secular velocities in 

the western part of the area, there is a discrepancy in that the background secular 

velocities are up to 1.5 – 2.5 mm/yr larger than the cumulative slip rates.  This 
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discrepancy between slip rates and background secular velocities and the relatively high 

strain rates in the western domain and lack of deformation in the SDB could be related.  It

is possible that the recurring earthquakes on the plate boundary inhibit brittle failure in 

the SDB.  The SDB includes several tilt domains associated with mid-Tertiary crustal 

extension and detachment faulting (Spencer and Reynolds, 1989) and the extensional 

history of the SDB (e.g. Spencer and Reynolds, 1989;  Kruger et al., 1998; Arca and 

Johnson, 2010; Chapman 2016) may allow it to deform aseismically on mature faults 

with large previous displacements.  The diffuse nature of the strain rate field in the SDB 

suggests aseismic slip on multiple faults rather a small number of faults, which would 

result in a more heterogeneous strain rate field.  Fault geometry may also be a factor in 

that shallower dipping faults or listric faults may result in less surface rupture offset.  

Shallower dipping faults may more efficiently accommodate extension with longer 

recurrence intervals than more steeply dipping faults Wernicke (1995) and this could also 

be a factor in the lack of Quaternary faults observed in the SDB.  Localized, high-strain 

rates in Quaternary rocks in the area of the Socorro Magma Body (Ricketts et al., 2014) 

may explain deformation along part of the slip-rate-summing transects that did not result 

in fault motion.

1.3  Comparison and Complementary use of Alignment Test and Strain Rates

The combined use of the alignment test and strain rates are not discussed in the 

appendices, but is given here as an example of how the two approaches could be used in 

conjunction with each other.  Using the strain-rate results from the southwestern US and 
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TPA analysis of volcanic-vent locations of the San Bernadino volcanic field of SE 

Arizona (Figure 7), a comparison can be made between the two types of analysis.  The 

Pliocene-Pleistocene volcanic vents of the San Bernadino volcanic field are located in a 

fault-bounded basin in the far SE corner of Arizona (Lynch, 1978; Biggs et al., 1999).  

The basin had its origin in the Miocene-Pliocene through high-angle normal faulting 

(Biggs et al., 1999).  The age of basaltic flows range from 0.274 – 3.3 my (Lynch, 1978). 

Well logs show multiple basaltic flows separated by alluvial gravels (Biggs et al., 1999; 

Earman et al., 2008) suggesting a history of repeated magmatic activity.  Quaternary 

faults are located on the margins of the basins and the most recent activity was on the 

western edge of the basin in the middle to late Quaternary (Pearthree, 1998).  Faults 

beneath the sedimentary and volcanic cover are thought to exist interior to the basin 

(Lynch, 1978; Biggs et al., 1999; Earman et al., 2008).  Lynch (1972) suggests that vent 

locations may be controlled by fault zones; however, Biggs et al. (1999) were not able to 

confirm this with available data.  The TPA results show a statistically significant 

alignment of volcanic vents between North and N20oE at a 95% confidence level.

The results of the volcanic vent TPA alignment test are in agreement with the 

orientation of the basin-bounding faults and extensional faults inferred to be buried in the 

basin.  The calculated contemporary regional strain is extensional and generally east-west

directed. Near the San Bernadino volcanic field, at latitude N32o, the direction of 

extension is approximately S80oW or 260o relative to a stable North American reference 

frame.  Assuming that the regional strain has not varied considerably during the 

Quaternary implies magma reaching the surface was facilitated by extension and existing 

faults that are roughly perpendicular to the direction of extension.  The multiple basalt 
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flows interbedded with basin fill would also suggest that this strain-facilitated eruptive 

activity has been ongoing.  Taken together, the volcanic-alignment test and strain analysis

are complementary in that they imply the interaction of the faults, vent alignment and 

regional strain orientation.

The results of the studies on the Guinea Plateau, and the Southern Basin and 

Range and Colorado Plateau are described in greater detail in Appendices A, B and C 

below.
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3  Figures

Figure 1a. Atlantic Ocean. Africa (AF), Cape Verde Island (CVI), Ceara Rise (CR), 
Guinea Fracture Zone (GFZ), Guinea Plateau (GP), Mid-Atlantic Ridge (MAR), Sierra 
Leone Rise (SLR), South America (SA). Red rectangle shows area of Figure 1b. White 
lines are fracture zones of Edge (2014).

Figure 1b. Topography and bathymetry for Guinea Plateau (GP) area. Solid white lines 
are Fracture zones (Edge, 2014). Yellow dashed lines are ocean basin tectonic fabrics 
(Matthews et al., 2011; Wessel et al., 2015). Guinea Fracture Zone (GFZ), Sierra Leone 
Rise (SLR), Sierra Leone Basin (SLB), Gambia Basin (GB), Grimaldi-Bathymetrists 
Seamount Chain (G-B), Cabo Verde Ridge (CVR). Red boxes show survey areas. Red 
star is location of 12/22/1983 M 6.3 earthquake, red circles are later M 4.2-4.3 
earthquakes. 4000 m isobath: light red; 4500 m isobath: dark red; 2D seismic lines 1-3 
discussed in text: dashed blue; outline of depth converted surface: dashed black; area of 
Figure 1c: dashed red rectangle.

1. Nadir Seamount 58.6 Ma (Bertrand et al., 1993).
2. Krause Seamount 53.3–55.4 Ma (Jones et al., 1991)
3. Carter Seamount 57-58 Ma (Skolotnev et al., 2012)
4. Dredged trachybasalt 36-43 Ma (Kharin, 1988; Peyve 2011)
5. Dredged alkalic trachyte 37 Ma (Kharin, 1988; Peyve 2011)
6. Los Archipelago Ring Structure 104 Ma Moreau et al. (1996)

Figure 1c. Volcanic features in survey areas: red triangles, location of GU-2B-1 well: 
solid blue circle in survey A.

36



37



Figure 2. Study area with physiographic and tectonic features. Plate boundary: thick red, 
Quaternary faults: thin red, Crustal thickness contours (km) (Laske et al., 2013): light 
blue Arizona Transition Zone: ATZ, Cerro Prieto Fault: CPF, Colorado Plateau: CP, 
Intermountain Seismic Belt: ISB, Northern Arizona Seismic Belt: NASB, Rio Grande 
Rift: RGR, Socorro magma body: SMB. Earthquake epicenters (USGS, 2017) shown as 
gray circles. Brown lines are outlines of Colorado Plateau Interior Block (CPIB) and 
Sonoran Desert Block (SDB).
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Figure 3. GPS sites used in study. Green: New EarthScope sites, red: PBO sites, black: 
campaign sites, blue: other sites include NAOA CORS. Plate boundary is shown as blue 
and Quaternary faults as dark gray. Thick white line is outline of the Colorado Plateau 
(CP). SBR denotes Southern Basin and Range.

CP

SBR
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Figure 4. Events used in correcting observed time series. 1: Sonoran 1887, 2: Laguna 
Salada 1892, 3: Imperial Valley 1940, 4: Landers 1992, 5: Hector Mine 1999, 6: Gulf of 
California 2009, 7: El Mayor-Cucapah 2010, 8: Gulf of California 2012. Five events, 4-8 
were used in finding the best fitting viscosity. Circle is 300km from Tucson, AZ. 
Contours and shading are crustal thickness (Laske et al., 2013). Dashed line shows area 
with average crustal thickness of approximately 30km. F: Flagstaff, L: Las Vegas, P: 
Phoenix, T: Tucson.
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Figure 5. Elastic and viscoelastic structure used in PSGRN/PSCMP forward model.
Upper crust: elastic; lower crust: Maxwell viscoelastic; lithospheric mantle and
sublithospheric mantle: Burgers body. Kelvin-Voigt viscous element (KV) is 1/10 of the
Maxwell viscosity (Max).
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Figure 6. Dilatational strain rate.  Dashed black line connects Vee profile segment 
boundaries, stippled area shows ±50 km zone.  Quaternary faults: brown, plate boundary: 
thick blue, gray blocks are areas of no data.  Light gray lines show borders of Colorado 
Plateau, Arizona Transition Zone and Northern Arizona Seismic Belt, light-green lines 
show Colorado Plateau Interior Block and Sonoran Desert Block, medium gray contours 
show crustal thickness in km.  Triangles are GPS sites as in Figure 3.
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Figure 7. San Bernadino Volcanic Field, southeast Arizona. Red circles are volcanic vents
located using topographic maps from Biggs et al. (1999) and red lines are Quaternary 
faults.  Red arrows show TPA indicated alignment, blue arrow is calculated direction of 
extension given in Appendix C.  Digital geologic map from Richard et al. (2000).
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Abstract

The passive margin of the Guinea Plateau formed during two episodes of rifting 

in the Jurassic and Cretaceous and has a Cretaceous conjugate margin, the Demerara 

Plateau, on the South American continent.  The Guinea Plateau is characterized by a 

shallow submarine plateau, extending approximately 300 km westward from the 

shoreline, with a seaward-thickening sedimentary sequence of clastic and carbonate rocks

with interspersed volcanic and volcanoclastic rocks.  Southwest of the Guinea Plateau, on

oceanic crust, are several seamounts and the Sierra Leon Rise.  Circular features revealed 

in two 3D seismic surveys on the plateau margins appear to be of volcanic origin that 

were emplaced in the last stages of Late Cretaceous rifting to Late Paleocene post-rift 

subsidence.  The spatial distribution of these interpreted volcanic features are tested for 

possible alignments.  Alignments can signify structural or stress-related control during 

ascent of magma through the crust and may provide additional information on the 

structural history of the Guinea Plateau that may otherwise not observable in the seismic 

data.  Alignments of statistical significance are found in both of the 3D seismic surveys 

and are compared to the structural elements and volcanic features outside the survey 

areas and those identified in 2D seismic reflection data overlapping and surrounding the 

3D surveys.  One inferred alignment of circular features is sub-parallel to fractures zones 

south of the Guinea Plateau and to continental lineaments of the African continent.  The 

other alignment is sub-parallel to the shelf break and an inferred area of crustal thinning.  

If the circular features indeed are volcanic in origin, the alignments suggest subregional 

stresses or faults influenced magma transport in the survey areas.
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1  Introduction

Alignment of volcanic vents can imply that the ascent of magma to the surface 

was controlled by deeper faulting, fractures and paleostress, or paleostress alone if new 

fractures are created by the advancing magma (Lutz and Gutmann, 1995; Delaney et al., 

1986).  The centers of circular features observed in 3D seismic data on the Guinea 

Plateau are interpreted to be of volcanic origin (McMillan 2012; McDougall 2013) and 

are tested for preferred alignments.  The distribution of volcanic features and their 

relation to other structures can lead to better understanding of the passive-margin 

evolution on the Guinea Plateau.

1.1  Description of Guinea Plateau

The Guinea Plateau is located north of the equator off the west coast of Africa and

is at the boundary of the Central North Atlantic and Equatorial Southern Atlantic Oceans 

(Figure 1).  Its western passive continental margin was formed during the Jurassic Central

Atlantic opening (Benkhilel et al., 1995; Pindell et al., 2006; Rueber et al., 2016) while 

the southern margin formed during Cretaceous rifting of the Equatorial Southern Atlantic 

(Benkhilel et al., 1995; Moulin et al., 2010; Edge, 2014).  These rifting events led to 

thinning of continental crust and eventual seafloor spreading, juxtaposing oceanic crust of

Jurassic age with continental crust on the western margin and Cretaceous- age oceanic 

crust with older continental crust on the southern margin.  The Guinea Fracture Zone 

separates the older and younger oceanic crustal regions and separates WNW-ESE-striking
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fracture zones to the north and WSW-ENE-striking fracture zones to the south (Jones, 

1987).   A bathymetric high known as the Sierra Leone Rise and several Paleogene 

seamounts are located to the southwest of the Guinea Plateau (Jones et al., 1991; Peyve, 

2011; Bertrand et al., 1993; Skolotnev et al., 2012; Kharin, 1988).

In the area of 3D seismic surveys  A and B (Figure 1), an Albian unconformity is 

interpreted to separate synrift from postrift sediments with volcanic features penetrating 

through the Albian unconformity and into postrift strata before reaching the paleo-surface

as extrusive volcanic vents (McMillan, 2012; McDougall, 2013) (Figure 2).  In the 

northwestern part of Survey A, the vents are circular to slightly elliptical and 300 to 2000 

meters in diameter in map view.  In cross-section, the structures have a convex-up, 

domed upper surfaces and in three dimensions have a cylindrical appearance 

(McDougall, 2013).  The volcanic features in Survey B also have a domal top in cross-

sectional view, but at depth are more conical in shape, decreasing in width with depth 

(McMillan, 2012).  Their map-view outline is circular to elongated, ranging in diameter 

from approximately 500 to 3000 m and averaging 1368 m (McMillan, 2012, Koch, 

2015).  If the volcanic features are treated as points, the two point azimuth method (Lutz, 

1986, Lutz and Gutmann, 1995) can be used to test if the features have a preferred 

alignment or are randomly distributed.  An alignment would suggest structural or stress-

related control in the transport of magma through the crust providing more information of

how the postrift volcanic features where emplacement and about the structure of the 

Guinea Plateau.  In an area of inferred thinner crust, we find a likely alignment sub-

parallel to a steep bathymetric gradient and in an area of relatively less extended crust we 

detect alignments that are generally parallel to oceanic fracture zones and continental 
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lineaments.

2  Data

Industry 2D and 3D seismic reflection data made available to the University of 

Arizona by Hyperdynamics Corporation and used in this study are shown in Figure 3a.  

Depth-converted  3D surveys A and B cover 125 x 25 km and 40 x 25 km, respectively, 

and were used in identifying circular features interpreted to be of volcanic origin 

(McDougall, 2013; McMillan, 2012) (Figures 2a and 2b).  High quality 2D lines, 

available as time sections (surveys BOS09, GSI08, GU02 and GU03), were used to map 

a Jurassic unconformity and the top of a Neocomian carbonate that is present as a thick 

sequence in the northwest of the area.  Seismic horizons for the Albian unconformity and 

water bottom (K. Nibbelink, Pers. Com.) were also used in the velocity model discussed 

below to convert from time to depth.  The Jurassic unconformity is assumed to have been 

planar before deposition of the Neocomian sequence and depth conversion will enable a 

better interpretation of deformation associated with Jurassic and Cretaceous rifting 

events.  Well-log data from the GU-2B-1 well (Figure 3) was used to locate the Albian 

unconformity in the area of the well and to constrain estimates of interval velocities from 

the water bottom to the Albian unconformity and below the Albian unconformity to the 

top of the Neocomian carbonate.  Publicly available free-air gravity data (Sandwell et al., 

2014) was used for gravity profiles to compare with previously published gravity profiles

and models of crustal structure (Jones and Mgbatogu, 1982).
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2.1  Jurassic Surface and Depth Conversion

A surface of the Jurassic unconformity was mapped and gridded in most of the 

survey area using the 2D seismic profiles (Figure 3a).  Brownfield and Charpentier 

(2003) infer a sequence of Jurassic through Neocomian carbonates and clastics in the 

Casamance basin to the north of the study area and this sequence is thought to exist in the

area of the 2D and 3D surveys (Davison, 2005; NSAI, 2011).  The top of this Neocomain 

sequence was mapped on the 2D lines, where it could be located.  The carbonate section 

thickens to the west and thins and grades to clastics to the east and southeast (NSAI, 

2011); it becomes difficult to interpret in the southeastern part of the survey area.  A 

stratigraphic column presented by NSAI (2011) shows the lack of Jurassic through Early 

Cretaceous carbonates in the southern part of the survey area.  To constrain the gridding 

function in this area, where direct interpretation was poorly constrained, the top of the 

Neocomian carbonate was set to be 0.080 seconds above the more easily mapped Jurassic

unconformity (Figure 2). 

To place the Jurassic surface at a more accurate depth, four horizons picked from 

the 2D time sections (Figure 4a), were used with the interval velocities given as Table1.  

Well check-shot data at the GU-2B-1 well (Figure 3a) was complete enough to estimate a 

water bottom to top of Albian unconformity velocity.  The Albian unconformity to top of 

Neocomian was an average of well check shot data and interval velocities computed with 

the Dix equation (Dix, 1955) (Equation 1) using stacking velocities from the 2D time 

sections.  The Albian-to-top-of-Neocomian sequence was interpreted by Edge (2014) as 

post-Aptian synrift sediments.  An interval velocity for the top of the Neocomian to the 
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Jurassic unconformity was derived only from stacking velocities and using the standard 

Dix equation (Dix, 1955).  Four 2D lines (Figure 3a) were used to obtain stacking 

velocities for computing interval velocities (Table 1, Figure 4). 

Interval Velocity 
(m/s)

comments

Sea level to water bottom 1500 Typical velocity for seawater

Water bottom to top of Albian 
unconformity

2577 Calculated from check shots at GU-2B-1

Albian unconformity to top of 
Neocomian

3875 Average of check shots in well and 
interval velocities converted from 
stacking velocities

Top of Neocomian to Jurassic 
unconformity 

5112 Average interval velocities converted 
from stacking velocities

Table 1: Interval velocities used in depth conversion.

In the NW part of the survey area, the carbonate section is approximately 4 km 

thick and easily identifiable in the data as a series of parallel reflections above the 

Jurassic unconformity.  In the southeast area, where the top of the section is not easily 

located or may be absent, the assumed two-way-travel-time (twtt) of 0.080s between the 

Jurassic and Neocomian will either underestimate or overestimate the depth of the 

Jurassic surface.  If the carbonate section is actually thicker than estimated, i.e. greater 

than 0.080 s, using an 0.080 s separation between the Jurassic surface and the top of the 

Neocomian substitutes lower velocity synrift sedimentary rocks for higher velocity 

carbonates resulting in an underestimation of the depth of the Jurassic surface.  If the 

Neocomian carbonate section is absent in the SE area or less than 0.080 s, the depth to 

the surface is overestimated by a maximum of approximately 50 m.  In the area where the

top of the Neocomian is difficult to constrain with the seismic reflection data (Figure 3b),
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the underestimation of the depth to the Jurassic unconformity would be greatest in the 

western part of the area of where the 0.080 s twtt constraint is applied, e.g. the southwest 

end of Seismic Profile 3 (Figure 7).  If there were higher velocity Neocomian carbonates 

present in this area, the Jurassic unconformity would be at a greater depth than we 

estimate.

3  Interpreted Volcanic Features and Structural Elements

3.1  Circular Features/Volcanic Features

Circular features identified in the 3D surveys are interpreted to be volcanic in 

origin (McMillan, 2012; McDougal, 2013; Figures 2a and 2b).  Survey B volcanic 

features, as an aggregate, form a NW-trending structural bulge (McMillan, 2012) and are 

considered Albian to Maastrichtian and likely rift-related (McMillan, 2012) and Turonian 

(Nibbelink, Pers. Com.) or Cenomanian to Turonian (Koch, 2015).  The volcanic features

of Survey B are conical in cross section and are likely extrusive volcanic structures that 

were subsequently draped with hemipelagic sediments in a marine environment 

(McMillan, 2012).  Koch (2015) interprets several deeper circular features in Survey B to

be intrusive in nature.

Circular volcanic features in Survey A are thought to be Late Paleocene by 

McDougall (2013) and Maastrichtian to Paleocene by (Koch, 2015).  The large volcanic 

feature in the northwest part of Survey A (Figure 2a) is interpreted as an extrusive 

volcanic structure eroded or beveled by wave action.   Its age is not easily constrained, 
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but is considered to be latest Cretaceous and could be as old as Albian or Aptian.  The 

large structure of Survey A has a strong gravitational signal as can be seen in Figure 5.  

Survey A circular features have a more cylindrical shape and deform younger, Paleocene 

strata and are considered extrusional structures (McDougall, 2013) or possibly a 

combination of extrusional and small laccolithic intrusions (Koch, 2015).  

3.2  Extensional Faults

All faults mapped in the 2D and 3D surveys are interpreted to be extensional or 

transtensional in nature.  Aptian through Albian syn-rift faults in Survey A and to the west

strike predominantly N20ºW to N40ºW (Edge, 2014), the largest of which is the Baraka 

listric normal fault in the SE area of Survey A which has over 4 km of down-to-the-SW 

throw (McDougall, 2013; Edge, 2014) (Figure 5).  To the NW, displacement on the 

Baraka fault diminishes and the strike becomes more WNW.  Survey A has N35ºE-

striking faults with offsets typically less than 100 m that cut the entire Cretaceous section 

and occasionally cut through Paleocene strata (McDougall, 2013).  These faults may be 

locally influenced by Paleocene volcanic activity in Survey A (McDougall, 2013).  

McMillan (2012) mapped over 200 normal faults with 10-20-m offsets in the Albian 

through top-of-Cretaceous section of Survey B.  Faults above the volcanic cones strike 

N80ºE and those below strike N30ºE (McMillan, 2012).  The relationship between the 

volcanics of Survey B and the deeper, N30ºE-striking faults, is not clear, but the deeper 

faults may have facilitated magma transport to the surface.  McDougall’s (2012) analysis 

of faults in Survey B gave an average trend of N50ºE and they were proposed to be the 

52



result of minor mid-Maastrichtian gravitational slumping.  One fault mapped by 

McMillan (2012) strikes N57ºW and continues to a depth around 300 m below the others 

(Figure 2).  All post-rift or late-stage rift faults appear to be high-angle and largely 

extensional.

An east-west-striking fault with observable normal displacement and presumably 

transtensional motion during oceanic crustal accretion is located to the south of Survey B 

(Edge, 2014; J. Olyphant Pers. Com.) (Figure 5) and lies on the projection of the Guinea 

Fracture Zone.  This fault was postulated to be part of the syn-rift fault system 

(McDougall, 2012).  Between surveys A and B, a steep bathymetric gradient or 

escarpment is generally coincident with an increase in depth of the Jurassic unconformity

(Figures 6 and 7) and is discussed in detail below.  This inferred fault zone or extensional 

zone is located to the northwest of the large listric Baraka normal fault mentioned above.

3.3  Hinge Zone / Flexural Basin Margin

In the northern-central part of the depth-converted area, NW of survey B, we 

observe a line of inflection of the Jurassic unconformable surface (Figures 3 and 4).  We 

assume that this unconformity was approximately planar prior the opening of the Central 

Atlantic.  A thick sequence of carbonates and clastics have been deposited on the Guinea 

Plateau with Jurassic to Early Cretacous carbonate platforms common on the NW African

Atlantic margin (Davison, 2005).  Accommodation space due to Jurassic Central Atlantic 

opening likely allowed deposition of the Neocomian carbonate.  Cretaceous Equatorial 

Atlantic opening and inferred Aptian through Albian synrift sedimentary rocks overlie the
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Neocomian carbonate (Edge, 2014).  Both sedimentary packages thin to the east with the 

majority of thinning taking place to the west of the hinge zone, implying that the hinge 

zone could have been an area of flexure during both rifting episodes and later subsidence.

Figure 3b shows that the relatively steeper dip of the Jurassic surface diminishes from the

north toward Survey B.

Karner et al. (1997) and Karner and Gamboa (2007) discuss the formation of a 

double hinge zone during two phases of Cretacous rifting south of the Guinea Plateau on 

the Gabon-Cabina and Angola  margins (0  to -8 degrees latitude).  The Eastern hinge 

zone, located landward of the current coast line and the Atlantic hinge zone, located 

offshore, are thought to have formed as a result of rift-related faulting at the hinge zone 

(Karner et al 1997).  It is not evident that the hinge zone located on the Guinea Plateau is 

fault controlled and it appears to be flexural in nature.  There could be some relationship 

between the Eastern and Atlantic hinge zones, but it is unknown at this time.

3.4  Crustal Thinning

Jones and Mgbatogu (1982) present results from gravity, magnetic and seismic 

reflection profiles and the refraction results from Sheridan (1969) showing the crustal 

structure of the Guinea Plateau.  Their results show abrupt seaward crustal thinning 

where the free-air gravity profile goes from negative to positive.   Using free-air gravity 

data (Sandwell, 2014), we plot gravity profiles through surveys A and B (Figures 5, 8a 

and 8b).  Our profiles show that Survey B is located on a part of the profile that is closer 

to the change in sign in free-air gravity, indicating that Survey B is closer to the oceanic 
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crust and has likely undergone relatively more crustal thinning than the area of volcanic 

features in Survey A.  Approximately 75 km west of Survey B, Jones and Mgbatogu 

(1982) show a landward continuation of thinner continental crust, approximately 25 km 

thick, while their profile approximately 75 km south of the circular features of Survey A 

shows a 27-km-thick continental crust that thickens landward to greater than 30 km.   

Based on the crustal model of Jones and Mgbatogu (1982) and the gravity profiles 

through the two survey areas, it appears Survey B has experienced more crustal thinning 

than has Survey A. 

3.5  Extensional Margin between Surveys A and B

The shelf break between surveys A and B marks a steep increase in bathymetric 

gradient where water depths increase from 500 m to over 4000 m (Figure 1).  Part of the 

seaward increase in water depth in this area is due to a seaward decrease in sediment 

thickness and part is a result of the thinning of continental crust that occurred during the 

rifting process.  Along Seismic Profile 2 (Figure 6b), the sediment thickness above the 

Jurassic surface decreases approximately 900 m, from  4000 m near the shelf break to 

3100 m on the southwest end of the profile.  The difference in depth of the Jurassic 

unconformity along this distance of 25 km is about 1550 m (Figure 6b) giving a seaward 

slope of 3.5 degrees.  The seaward slope of the Jurassic unconformity decreases to the 

NW from 3.5 degrees along Seismic Profile 2, southwest of Survey A, to 2.4 degrees 

along seismic Profile 3, southeast of Survey B, to approximately 1.3 degrees along 

Seismic Profile 4, through Survey B (Figures 6, 7, 9).  Landward of the shelf break, the 
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Jurassic unconformity is nearly horizontal with profiles 2 and 3 having slopes of less than

one degree to the southwest.

In the continental-slope region, to the southwest of the self break, no large faults 

are obvious in the depth-converted seismic profiles.  If this is an area of crustal thinning, 

subseismic-resolution extension is a possible explanation for why significant faults are 

not observed (Reston and McDermott, 2014).  Along Seismic Profile 2, Edge (2014) 

shows the continent ocean boundary approximately 45 km from the shelf break or 15 km 

beyond the depth converted area implying that substantial crustal thinning has occurred 

over that 45 km interval.  The irregularities in the water bottom give the Jurassic surface 

an uneven appearance seaward of the shelf edge and these irregularities could make faults

difficult to identify.  If the shelf edge is considered to be a monoclinal fold, the proximity 

to oceanic crust and lack of adjacent, deep sedimentary basin indicates it is not a flexural 

margin as the hinge zone in the northern part of the survey seems to be.

3.6  Guinean-Nubian Lineaments

The Guinea-Nubian lineaments (GNL) extends from the Senegal-Guinea 

continental margin to the Red Sea and is generally oriented N70ºE to N80ºE and 

(Guiraud et al., 1985; 1987).   This inferred major trans-lithospheric, intra-plate fault zone

is pre-Mesozoic in age and has been periodically reactivated since the Triassic (Wilson 

and Guiraud, 1992; Guiraud et al., 2005).  During the Jurassic opening of the Central 

Atlantic, the Guinea-Nubian fault zone was active between the divergent area to the north

and a nearly stable area to the south (Basile et al., 2005; Guiraud et al., 2005).  
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Magmatism in West Africa appears to be closely related to the GNL (Guiraud et al., 1985,

Wilson and Guiraud, 1998), and Moreau et al. (1996) attribute the Los Archipelagos 

complex to the transtensional opening of the GNL during the early opening phase of the 

Equatorial Atlantic Ocean.  Intracontinental earthquakes near the Republic of Guinea are 

rare (Langer et al., 1987); however, a December 22, 1983 magnitude 6.3 earthquake is 

considered by Guirard et al. (1985) to have occurred in the area of the GNL (Figure 1) 

and field studies show the fault occurred on preexisting structures in an area of localized 

crustal weakness (Dorbath et al., 1984; Langer et al., 1987).   Slip was predominantly 

right-lateral strike-slip with 13 cm of horizontal displacement and 5-7 cm of vertical slip 

(Langer et al., 1987).  Langer et al. (1987) suggest three near vertical, east-west-striking, 

en-echelon faults based on their composite focal mechanisms that is in general agreement

with the observed geologic data.  Focal mechanisms of the main shock, derived by other 

methods, tend to show more of a vertical component (Dorbath et al., 1984; Langer et al., 

1987; Foster and Jackson, 1997).   The east-west composite focal mechanisms of Langer 

et al. (1987) and east-west after-shock distribution of Dorbath (1984) would fit with the 

trend of the GNL.

3.7  Sierra Leone Rise and Seamounts Neighboring Guinea Plateau

Volcanic activity continued after the end of rifting and initiation of seafloor 

spreading and produced the Sierra Leone Rise and seamounts to the southwest of the 

Guinea Plateau (Figure 1).  Volcanic features are thought to be Maastrichtian to Late-

Paleocene in Survey A (McDougall, 2012; Koch 2015) and  Albian to Maastrichtian 
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(McMillan, 2012) or Cenomanian to Turonian (Koch, 2015) in Survey B.  Theses ages 

partially overlap with formation of the Sierra Leone Rise and the neighboring seamounts. 

The following provides a regional context of volcanic activity. 

The Sierra Leone Rise (SLR) (Figure 1) is a bathymetric high approximately 600 

km by 400 km as delineated by the 4000-m isobath (Jones et al., 2015) and is thought to 

have a conjugate feature, the Ceara Rise (Figure 1a), on the western side of the Mid-

Atlantic Ridge (Kumar 1979).  Mantle-plume activity is thought to have contributed to 

the construction of the Sierra Leon Rise (Schilling et al., 1994; Jones et al., 2015).  

Several seamounts are located to the south, southwest and west of the GP that range in 

age from 37 Ma (Kharin, 1988) to 58.6 Ma (Bertrand et al., 1993).  Possible mechanisms 

for the emplacement of the various seamounts include mantle-plume activity (Jones et al.,

1991; Peyve, 2012) and extension-related decompression melting in fracture zones 

(Skolotnev et al., 2012).  Edge convection, where small-scale mantle flow develops near 

discontinuities in lithospheric thickness and brings warm mantle material into the melting

zone (King and Anderson 1998; Mutter et al., 1988) is suggested by Jones (2015) for the 

seamount activity along the Guinea transform where there is a large difference in age and 

thickness of the lithosphere (Jones 2015).

Schilling et al. (1994) uses isotopic data from basaltic glasses collected near the 

Mid-Atlantic Ridge to propose a kinematic model of the Sierra Leone plume for the last 

100 Ma placing the plume under the MAR from 75-48 Ma, the time of Sierra Leone Rise 

and Ceara Rise construction.   A Maastrichtian age was assigned to the oldest 

sedimentary rocks retrieved from the Deep Sea Drilling Project 366, located on the 

northeastern part of the SLR (Lancelot and Seibold, 1977).  A seismic study by Jones et 
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al. (2015) shows anomalously thick crust (13-17 km) under the SLR and, together with 

the existence of the Ceara Rise (Figure 1a), shows consistency with high rates of 

magmatism over a mantle hot spot.  Presence of Eocene age seamounts on the northern 

flank of SLR is possibly related to magmatic activity augmented by edge convection 

along the GFZ (Jones et al., 2015).  Jones et al. (2015) suggests that edge convection 

along the Sierra Leone fracture zone may have also played a role in the underplating of 

the southern part of the SLR.

The seamounts northeast of the SLR and southwest of the Guinea Plateau are not 

directly explained by the model of Shilling et al. (1994), although the late-Paeleocene to 

early-Eocene activity of the Nadir (Bertrand et al., 1993), Krause (Jones et al., 1991) and 

Carter (Skolotnev et al., 2012) seamounts (Figure 1) falls within this time period.  A 

plume-related origin for the seamounts of the Bathymetrists Chain, generally to the west 

of the Sierra Leone Rise, also remains speculative (Schilling et al., 1994).  The combined 

Grimaldi-Bathymetrists seamount chain is 180 km wide and extends for more than 1000 

km with a 70-75 degree ENE orientation with some of the seamounts on the northeast 

part of Sierra Leone Rise included in this chain (Peyve, 2011) (Figure 1).  A smaller 

chain, the Cabo Verde Ridge, strikes 290 degrees WNW and is partially coincident with 

the GFZ (Figure 1).  Peyve (2011) suggests heated plume material originating beneath 

West Africa migrated toward the MAR and mixed with asthenospheric material 

generating melts of variable composition which then reached the surface through pre-

existing weakened zones and their intersections.  According to Peyve (2011), large, 

periodically reactivated, linear structural elements influenced the surface manifestations 

of magmatism and resulted in similar strikes of volcanic features and structural elements 
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(Peyve, 2011).

Krause Seamount (Figure 1) is located at the northern end of the Sierra Leone 

Rise and south of the GFZ.  Crystal clasts separated from lamprophyre breccia dredged 

from Krause Seamount yielded K-Ar dates of 53.3-55.4 Ma were reported by Jones et al. 

(1991) who interpreted the relatively rare alkaline rocks to be the result of remelting of a 

volatile-rich metasomatized layer beneath the Mezozoic ocean floor.  Remelting of the 

metasomatized material could have been the result of a small mantle plume or 

decompression melting caused by extension (Jones et al., 1991).  The Krause Seamount is

part of a 600- km-chain of seamounts that extend to the southwest and could be the result 

of hot-spot activity focused on the east end of the Guinea Fracture Zone (Jones et al., 

1991).

The Nadir Seamount (Figure 1) has a bathymetric relief of 3000 m with a crest 

840 m below sea level and was dated at 58.6 +- 0.7 Ma by Bertrand et al. (1993).  A 

Similar age and geochemical composition of the Nadir and Krause seamounts suggest a 

connection between Sierra-Leone-Rise and Guinea- -fracture-zone volcanics (Bertrand et 

al., 1993).

The 57-58 Ma Carter Seamount and Krause and Nadir seamounts (Figure 1)  are 

separated by a distance of 500 km yet have similar ages and were emplaced at the time of

up-welling of the Icelandic plume, the northward propagation of the MAR and 

reactivation of the African superplume between Western Europe and North Africa 

(Skolotnev et al., 2012). These extensive tectonic events could have changed the regional 

stress field in the oceanic lithosphere of the Atlantic and may have led to extension and 

magma generation along the GFZ (Skolotnev et al., 2012).
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Widespread, small-scale late Cenozoic (mid-Eocene and later) deformation of the 

oceanic sedimentary rock cover, including 20-50-m-offset high-angle faults SW of the 

Guinea Plateau and GFZ, are thought to be related to reactivation of fracture zones in the 

Sierra Leone Basin and surrounding areas  (Jones, 2003).  This deformation was not 

restricted to this area and occurred pervasively in the Eastern Equatorial Atlantic (Jones, 

2003).  Kharin (1988) found the youngest dates for volcanic material in the Sierra Leone 

area to be 36 – 43 Ma which may be related to the processes described by Jones (2003).

 

4  TPA Analysis and Results

As magma ascends through the crust, it can follow existing faults or initiate new 

fractures perpendicular to the least compressive stress (Lutz and Gutmann, 1995; Delaney

et al., 1986).  Testing for the alignment of the volcanic features in the area of the 3D 

seismic surveys can provide information about large-scale structures at depth that may 

not be visible in the seismic data or the regional stress at time of emplacement.  

Information about the controlling factors of magma emplacement can improve the 

understanding of the structure of the Guinea Plateau and its evolution.

To identify possible alignments of pointlike features, the two point azimuth 

method (TPA) of Lutz (1986) or Lutz and Gutmann (1995) has been used in previous 

studies to analyze alignment of volcanic vents of the Spingerville Volcanic Field, AZ 

(Connor et al., 1992), Pinacate Volcanic Field, Sonora, Mexico (Lutz and Gutmann, 

1995),  volcanic vents on Mars (Bleacher et al., 2009) and mud volcanoes in sedimentary 

basins in Azerbaijan and Java (Roberts et al., 2011).  We use the TPA method described 
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by Lutz and Gutmann (1995) as a tool to test for alignment of two separate sets of points 

defined as the centers of the circular features observed in the Survey A and Survey B 3D 

seismic data and compare the results with the structural elements in the study area.

In the TPA method (Lutz and Gutmann, 1995), given a set of points, each unique 

pair of points defines an azimuth and all such azimuths are assigned to histogram bins 

that span 180 degrees of direction.  A bin width of 10 degrees is used for this analysis, 

giving a total of 18 bins.  If there is a large number of azimuths in a bin it could imply an 

alignment.  The histogram produced from the observed data can then be compared to 

histograms based on randomly selected points to make statistical inferences about the 

significance of the numbers of observed azimuths that occupy the bins.  To generate 

random points, a kernel-density estimation is used that that permits treatment of 

heterogeneous point distributions.  In this way, the randomly selected points are not 

selected from a defined area with uniform probability and can reveal alignments on 

different spatial scales.  The kernel-density function used by Lutz and Gutmann (1995) is 

the Epanechnikov kernel (Silverman, 1986) for which the bandwidth can be varied to test

for alignments at different scales.  Increasing the bandwidth will result in more uniformly

distributed random points.  In our analysis confidence limits of 95, 99.5 and 99.9 percent 

were based on 500 sets of randomly selected points. 

Surveys A and B have 123 and 180 points, respectively, chosen as the centers of 

the circular features in the 3D seismic data (McMillan, 2012; McDougall, 2013).  

Uncertainty of the location of the points are assumed to be normally distributed with a 

standard deviation of the radius about the point of 50 m.  With this uncertainty, an 

azimuth of two points may be fractionally represented in more than one bin.  The results 
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using an Epanechnikov function with a kernel-density bandwidth of 15 km show 

preferred alignment exceeding the 95 percent confidence limit in both surveys.  

Bandwidths of less than 15 km resulted in either no alignment at the 95 percent 

confidence level or the 95 percent confidence limit was exceeded by a lesser amount.

The survey A histogram (Figure 10a) indicates an alignment with the observed 

number of azimuths exceeding the 95% confidence level in the 30-degree range of 

N80ºW and N70ºE – N90ºE or   alternatively with an azimuth of 70 – 100 degrees.  For 

Survey B, the observed number of azimuths in the bin spanning N50ºW – N60ºW 

exceeds the 95% confidence level (Figure 10b).

5  Discussion

Volcanic activity in the Guinea area has occurred along the Guinea–Nubian 

lineaments (GNL) in the Liassic (early Jurassic) as doleritic sills and dikes (Guiraud et 

al., 1985; Guiraud et al., 1987) and in the mid-Albian at the Los Archipelago ring 

structure (Moreau et al., 1996) (Figure 1).  Basille et al. (2005) show an active 

continuation of the ENE-trending GNL off the coast of Guinea during Jurassic opening of

the Central Atlantic.  Davison (2005) also implies that the GFZ extends to the east, 

toward the Guinea coast.  The results of the TPA analysis for Survey A indicate there is an

alignment of the volcanic features with an azimuth between 70 – 100 degrees.  Fracture 

zones of the Sierra Leone Basin and the GFZ, with strikes of N70ºE and N80ºW, 

respectively, intersect west of the Guinea plateau.  Both the GNL and the fracture zones 

are consistent with the 70 – 100 degree azimuth of the TPA-inferred alignment.  
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Considering crustal thickness and thinning, the crustal model of Jones and Mgbatogu 

(1982) for a profile south of the Survey A volcanics shows a moho depth of 

approximately 27 km and the crust thickening landward.  If a greater distance from the 

zero crossing of the free-air gravity profiles indicates a greater distance from the oceanic 

crust, continental crustal thinning through extensional normal faulting in Survey A may 

be less influential and transtensional or transverse-related faulting may have had a greater

role in providing magma pathways to the surface.

Two prominent structural elements that appear to diminish in size as they 

approach Survey B are a N45ºW-trending flexural margin to the northwest and an 

inferred N70ºW extensional zone to the southeast (Figure 5).  A N50ºW to N60ºW 

alignment of volcanic vents suggested by the TPA method lies between these two 

directions.  The individual volcanic vents in Survey B are elongated in a NW direction 

(Koch, 2015) as is the trend of the structural bulge (McMillan, 2012) of the aggregate 

volcanic field.  Of the 200 faults mapped by McMillan (2012), only one fault in the SW 

part of the survey has a N57ºW strike; it happens to be the deepest mapped fault, 

although only visible to a depth of  300 m below the others.  McDougall (2012) did not 

think the N50ºE average orientation of the extensional faults was related to the volcanics, 

but rather to gravitational slumping.  One N57ºW fault hardly makes a trend but it does 

fit with the other NW-SE trending features.  Unlike Survey A, Survey B appears to have 

undergone crustal thinning.  Jones and Mgbatogu’s (1982) crustal model shows 

approximately 25-km-thick crust on the southern margin of the GP, thinning toward the 

GFZ.  Kardell (2016) improved their gravity model of Survey B using a crust that thinned

to the south and based the amount of thinning on the Crust 1.0 crustal model (Laske et al.,
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2013).  Crust 1.0 (Laske et al., 2013) is given as a one-degree-by-one-degree grid and is 

rather coarse given the size of Survey B, but it is in general agreement with the Jones and

Mgbatogu (1982) results indicating crustal thinning west of Survey B from ~ 25 km on 

the GP to ~ 20 km approaching the GFZ to the south.  The thinner crust in Survey B 

implies extension and that normal faults may have facilitated magma transport to the 

surface.

The late Paleocene age of the Survey A volcanics (McDougall, 2013), the 

similarity of ages with the Krause, Nadir and Carter seamounts and the location of 

Survey A along the same trend of the GFZ suggest that they share a common mechanism 

of origin.  Extension-related magma generation on the GFZ from large-scale changes of 

the regional stress field of the Central and North Atlantic has been proposed by Skolotnev

et al. (2012) for the Krause, Nadir and Carter seamounts and may similarly apply to the 

Survey A volcanics.  Jones (2003) attributes the widespread deformation of ocean 

sedimentary rocks that occurred after the mid-Eocene to rejuvenation of transform faults 

in the Sierra Leone Basin and surrounding regions (Figure 1).  This rejuvenation is 

thought to be caused by changing motions between the African and South American 

plates and indicates that the transforms remained active past the inferred age of the 

emplacement of the volcanics.  Koch (2015) also speculates that, between 72 and 35 Ma, 

North American-South American plate reorganization provided the extensional stresses 

necessary for reactivation of faults and decompression melting leading to the volcanic 

features on the Guinea Plateau.  The plate reconstruction by Edge (2014) implies a 110 

Ma age of initiation of sea-floor spreading in the GP area.  As the spreading center 

migrated to the west, its increasing distance from the GP may have affected the regional 
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stress in the area of Survey B and be related to the inferred Cenomanian to Turonian (100

– 89.8 Ma) age of the Survey B volcanics.

Schilling et al. (1994) describes the flattening of the Sierra Leone plume head as it

came in contact with the lithosphere from 100 – 80 Ma to the west of the GP.  From 76 - 

48 Ma, the plume was then centered at the MAR during the construction of Sierra Leone 

Rise (Schilling et al., 1994).  The Sierra Leone plume was active during the inferred age 

of emplacement of the more proximal Survey B and more distant Survey A volcanics, 

but, as Shilling et al. (1994) note, the seamounts to the north and northeast of the 

proposed plume track are unexplained by their model.

6  Conclusions

The projection of the N80ºW trending Guinea Fracture Zone and N70ºE trending 

fracture zones of the Sierra Leone Basin intersect in Survey A and these intersecting 

fracture zones, as proposed by McDougall (2013), may provide pathways for magma.  

This would extend the idea of a Guinea Fracture Zone “hot line” (Skolotnev, 2012) into 

the continental crust.  These fracture zones and the GNL may have also facilitated the 

emplacement of the large volcanic structure in Survey A as the GNL was assumed to have

facilitated the emplacement of the Los Archipelago complex (Moreau et al., 1996).  The 

northwest area of the Survey A volcanics is in an area of relatively less extended crust in 

its location landward of the shelf break that is thought to mark increased seaward crustal 

stretching.  Transverse faulting in the area of Survey A would also fit with the concept of 

a less extended crust.  Relationships between oceanic fracture zones and continental 
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structures have proposed in other areas. In a plate reconstruction of Australia and 

Antarctica, Gibson et al. (2013) find a linkage between ocean-floor fracture zones and 

deep-rooted continental crustal structures.   In the South Atlantic, oceanic fracture zones 

may extend to cratonic Precambrian structures and penetrate continental crust (Mohriak 

and Rosendahl, 2003).  While every ocean fracture zone may not correspond to a 

continental transform fault, the system of fracture zones south of the GP may extend into 

the continental crust and be linked to the southwestern part of the GNL.

Our gravity profile over Survey B as well as Crust 1.0 (Laske et al., 2013) and the

crustal model of Jones and Mgbatogu (1982) indicate that Survey B is located in an area 

of relatively thinner, and by inference, more extended and potentially faulted or fractured 

crust than is the crust of Survey A.  The inferred extension-related shelf break projects 

into Survey B and has a similar trend to the alignment indicated by the TPA analyses.  

The shallower faults mapped by McMillan (2012) and McDougall (2013) do not appear 

to have a measurable influence on the vent locations.  The Jurassic-opening-related hinge 

zone does not seem to have influenced the alignment; however it may have weakened the

crust that was later stretched during Cretaceous rifting.

The present data cannot determine the ultimate mechanism of emplacement and 

path of magma to the surface.  However, pre-existing faults in an extending environment 

are a possibility.  In both of the locations of surveys A and B, it is likely faults or fractures

were in existence at the time of magma ascending to the surface, after the main phase of 

rifting and/or after rifting had ceased.   Our TPA results indicate a roughly 70 – 100 

degree azimuthal alignment of volcanic vents in the relatively less extended crust of the 

Survey A.  The structural elements that may influence this alignment are transverse 
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faulting associated with oceanic transforms that extend into the continent or the existence

of the southern range of the Guinean-Nubian lineaments in this area or a combination of 

both.  Survey B is located in an area of inferred crustal stretching and the 300 – 310 

degree azimuthal alignment of volcanic vents may indicate the influence of a WNW-

striking zone of extensional or transtensional faulting associated with the shelf break.
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Figure 1a. Atlantic Ocean.  Africa (AF), Cape Verde Island (CVI), Ceara Rise (CR), 
Guinea Fracture Zone (GFZ),  Guinea Plateau (GP), Mid-Atlantic Ridge (MAR), 
Sierra Leone Rise (SLR), South America (SA).  Red rectangle shows area of Figure 
1b.  White lines are fracture zones of Edge (2014).

Figure 1b.  Topography and bathymetry for Guinea Plateau (GP) area.  Solid white 
lines are Fracture zones (Edge, 2014).  Yellow dashed lines are ocean basin tectonic 
fabrics (Matthews et al., 2011; Wessel et al., 2015). Guinea Fracture Zone (GFZ), 
Sierra Leone Rise (SLR), Sierra Leone Basin (SLB), Gambia Basin (GB), Grimaldi-
Bathymetrists Seamount Chain (G-B), Cabo Verde Ridge (CVR).  Red boxes show 
survey areas. Red star is location of 12/22/1983 M 6.3 earthquake, red circles are later 
M 4.2-4.3 earthquakes.  Contour interval 500 m; 4000 m isobath: light red; 4500 m 
isobath: dark red; 2D seismic lines 1-3 discussed in text: dashed blue; outline of depth 
converted surface: dashed black; area of Figure 1c: dashed red rectangle. 

1. Nadir Seamount 58.6 Ma (Bertrand et al., 1993).
2. Krause Seamount 53.3–55.4 Ma (Jones et al., 1991)
3. Carter Seamount 57-58 Ma (Skolotnev et al., 2012)
4. Dredged trachybasalt 36-43 Ma (Kharin, 1988; Peyve 2011)
5. Dredged alkalic trachyte 37 Ma (Kharin, 1988; Peyve 2011)
6. Los Archipelago Ring Structure 104 Ma Moreau et al. (1996).

Figure 1c. Volcanic features in survey areas: red triangles, location of GU-2B-1 well: 
solid blue circle in survey A.
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Figure 2.  (a) Coherency depth slice of survey A at 1930 m. Red dashed line is 
approximate outline of large eroded volcanic feature in survey A.  (b) Coherency depth 
slice of Survey B at 2785 m. Yellow dashed line highlights example circular features. 
Yellow arrow shows strike of deeper fault described in text.
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Figure 3.  a)  Bathymetry of depth converted area.  Depth-converted area boundary: 
thick gray line, 2D lines used to create Jurassic surface: black, area where top of 
Neocomian carbonates were constrained to 0.080 seconds above Jurassic surface: blue 
polygon, 3D survey boundaries: dashed red, lines where stacking velocities were used 
in velocity model: solid red, 4000 m isobath: light red contour, location of GU-2B-1 
well: back circle with white cross.  b) Jurassic Surface in depth. Survey areas: dashed 
black; area of estimated Jurassic through Neocomian carbonate thickness: dark blue.
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Figure 5.  Free-air gravity (Sandwell et al., 2014) with structures discussed in text.  
Fracture zones (Edge, 2014): white; area of mapped Jurassic surface: dashed white; 
survey boundaries:  black; circular features: white triangles in survey areas; Jones and 
Mgbatugo (1982) profiles: dashed red; gravity profiles discussed in text: solid red.  2D 
seismic lines (1 is SL1, etc.): thick dashed black.  Structures discussed in text (black 
with white numbers): (1) hinge zone, (2) shelf-break extensional zone, (3) east-west-
striking southern-margin fault, (4) Baraka fault.   Guinea Fracture Zone: GFS, Nadir 
Seamount: NSM.
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Figure 6.  Seismic Profile 2 on northwest side of Survey A. (a) Seismic time profile. 
Distance is in km.  (b) Depth-converted seismic profile. Depth and distance in km. 
Light blue: water bottom; dark blue: Albian unconformity; yellow: top of Neocomian; 
red: Jurassic unconformity.

Figure 6. Seismic profile 2
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Figure 7. Seismic profile 3

Figure 7.  Seismic Profile 3 on northwest side of Survey A. (a) Seismic time profile. 
Distance is in km.  (b) Depth-converted seismic profile. Depth and distance in km. 
Light blue: water bottom; dark blue: Albian unconformity; yellow: top of Neocomian; 
red: Jurassic unconformity.
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Figure 8.  Free air gravity profiles. (a) Profile through Survey A volcanic features. ( b) 
Profile through survey B.  Profiles on map to the far southeast and west are from Jones 
and Mgbatogu (1982) and are not shown in profile.
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Figure 9.  Seismic Profile 4 through Survey B. (a) Seismic time profile. Distance is in 
km.  (b) Depth converted seismic profile. Depth and distance in km. Light blue: water 
bottom; dark blue: Albian unconformity; yellow: top of Neocomian; red: Jurassic 
unconformity.

Figure 9. Seismic Profile 4
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Figure 10.  TPA histograms.  (a) Survey A TPA histogram with bins exceeding the 95 
percent confidence interval between (N80ºW – N90ºW) -80 - -90, (N70ºE-N90ºE) 70 – 
90, or in total 70-100 degrees of azimuth  (b)  Survey B TPA histogram with the 95 
percent confidence interval exceeded in the  (N50ºW – N60ºW) -50 - -60 bin.
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FIELD FOR THE COLORADO PLATEAU AND ADJACENT BASIN AND RANGE 
INFERRED FROM VISCOELASTIC MODELING

James Broermann1, Richard A. Bennett1, Corné Kreemer2 and Geoff Blewitt2

1Department of Geosciences, University of Arizona, Tucson, AZ, USA
2Nevada Bureau of Mines and Geology, and Seismological

Laboratory, University of Nevada, Reno, Nevada, USA.

85



Abstract

Postseismic deformation associated with large earthquakes can have far reaching 

and long lasting effects that can obscure background rates of deformation, particularly in 

areas of low strain rates such as the Southern Basin and Range (SBR) and Colorado 

Plateau (CP) Provinces.  GPS time series in the SBR were significantly effected by the 

coseismic and postseismic deformation related to the Mw 7.2, 2010 El Mayor-Cucapah 

earthquake (EMC).  To utilize data collected from EarthScope GPS sites deployed in the 

SBR and CP following EMC and data collected at Plate Boundary Observatory, NOAA 

CORS and campaign sites, we  remove the effects of eight earthquakes beginning with 

the 1887 Sonoran event in SE Arizona from the GPS times series.  To remove the effects 

of the earthquakes we seek a co/postseismic deformation model that can be applied to a 

wide area.  This co/postseismic model is is based on the assumptions of an elastic upper 

crust to a depth of 15 km, a Maxwell viscoelastic lower crust from 15–30 km and a 

Burgers body rheology for the lithospheric mantle from 30-60 km and a sublithospheric 

mantle below 60 km.  It is also assumed that the viscosity of the Kelvin-Voigt (KV) 

element of the Burgers body is 1/10 that of the Maxwell viscosity.  A best fitting viscosity

structure was found by a random search over the parameter space of the three viscous 

layers and minimizing the misfit between the time series at approximately 130 

continuously running sites, with the earthquake effects removed, and a least squares 

model that includes intercept, velocity, offsets at times of earthquakes and equipment 

offsets and annual and semi-annual terms.  The co/postseismic response of five 

earthquakes were removed in the search for a best fitting viscosity structure: 1992 

Landers, 1999 Hector Mine, EMC and two events in the Gulf of California in 2009 and 
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2012.  The best fitting viscosity indicates a stronger lower crust with a Maxwell viscosity 

of approximately 1019.92 Pa s and a Burger body Maxwell and KV viscosities for the  

lithopsheric mantle of 1019.55 and 1018.55 Pa s and sublithospheric mantle viscosity of 1018.78

and 1017.78 Pa s.  After the best fitting viscosity structure was determined, the effects of the

1887 Sonoran, 1892 Laguna Salada and 1940 Imperial Valley earthquakes were removed 

giving an estimate of the background secular velocity, i.e. the time-independent velocity 

expected if no earthquakes had occurred.  A measure of uncertainty in the background 

secular velocity due to uncertainty in the best fitting viscosity structure is added to the 

uncertainty in velocity resulting from observed site position uncertainty to form a "total 

uncertainty".  The time-varying nature of crustal motions in the SBR and CP are 

described as modeled velocities and modeled displacement histories and their long term 

average velocities.  Following earthquakes along the Pacific-North American plate 

boundary and the 1887 Sonoran earthquake, differences between east and north 

components of modeled sited displacements show brief periods of east-west shortening 

and reduced extensional strain rates in the SBR.  Interior to the CP co/postseismic 

deformation from the studied events is minimal.  The posteismic velocities decay with 

time and the frequency of plate boundary earthquakes has an impact on how closely the 

observed site velocity approaches the background secular velocity.

1  Introduction

Large earthquakes can change the rate and pattern of crustal deformation 100s of 

km from the events for weeks to decades (Hammond, 2005; Freed et al., 2007; Thatcher 

and Pollitz, 2008).  This time-varying postseismic deformation can obscure the 
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background tectonic deformation, particularly where the tectonic rates of strain 

accumulation are low, as in the Southern Basin and Range (SBR) and Colorado Plateau 

(CP) Provinces  (e.g. Gourmelen and Amelung, 2005; Hammond et al., 2009; Kreemer et 

al., 2009).  The April 4, 2010 7.2 magnitude El Mayor-Cucapah earthquake had a 

significant effect on the crustal motion at continuous GPS sites in the SBR.  Their 

westward velocities, in a stable North American reference frame, were reduced relative to

their velocity prior to the earthquake and in some cases temporarily reversed to an 

easterly direction (Figure 1a).  Earthquakes in the Gulf of California in 2009 and 2012 

also appear to have influenced the velocities in southern Arizona, giving them a more 

southerly direction (Figure 1a).  The broad coverage of continuously running PBO 

(Herring et al., 2016) and other continuous GPS stations with several years-long time 

series data allows us to investigate the effects of these and earlier earthquakes and 

remove their effects to estimate background secular velocities (Hammond et al., 2010) in 

the SBR and CP Provinces.  Removing the earthquake effects enables us to combine the 

data from a recently installed GPS network of 34 stations deployed as part of the NSF 

EarthScope project in mid-2010 and campaign data collected since the late 1990’s 

together with long-running PBO and CORS data, leading to an  improved spatial 

sampling  of the SBR and CP crustal velocity field (Figure 1b).

Our study focuses on the SBR Province and southwestern portion of the CP 

Province (Figure 1b), because the dense GPS networks, low background deformation 

rates and dearth of large earthquakes occurring within the area make it an ideal location 

to isolate the far field effects of large earthquakes arising from the plate boundary to the 

west.  The CP is a mildly deformed area (Pederson et al., 2002) with Late Cretaceous 
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through early Tertiary, Laramide basement cored uplifts (Davis 2009 and Bump, 2009) 

while the SBR has undergone Laramide crustal shortening followed by core complex 

development with up to 40 -60% extension (Coney and Harms, 1984).  A separate phase 

of Late Cenozoic high-angle normal faulting in Arizona is considered to have resulted in 

less extension, on the order 5-20% (Menges and Pearthree, 1989), but contemporary 

deformation within the SBR is currently poorly understood.  Quaternary faults are sparse 

with higher cumulative offsets in the NW part of Arizona with lesser offsets and longer 

recurrence intervals in the central and southeast part of the state (Menges and Pearthree, 

1989).  Quaternary fault activity is also present in the southwest part of the state in the 

vicinity of the Salton Trough (Menges and Pearthree, 1989).  The highest levels of 

historic seismicity have been located in the north-central part of Arizona known as the 

Northern Arizona Seismic Belt (Brumbaugh, 1987; Lockridge et al., 2012).  Using data 

from the EarthScope USArray Transportable Array, Lockridge et al. (2012) found low 

levels of seismicity in Arizona to be more broadly distributed than previously thought, 

which may suggest a more diffuse pattern of deformation than observed in the northwest.

To estimate the secular component of site motion over the period of observation, 

we seek a deformation model that can be applied to a wide area and be used to estimate 

co/postseismic displacements associated with multiple earthquakes.  We evaluate the 

ability of the deformation model to reproduce the physical response of the Earth to the 

earthquakes by removing the model estimates of co/postseismic deformation from the 

observed GPS time series and testing it for linearity.  The model that produces the most 

linear time series after removing the effects of the earthquakes is considered the best 

fitting model.  Uncertainty of the true viscosity structure of the study region will lead to 
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uncertainty in the secular background velocity.  We quantify the uncertainty in secular 

background velocity that arises from uncertainty in the viscosity structure and combine it 

with uncertainty in the velocities obtained from our time series analysis to form a “total 

uncertainty”.  We compare the constant background secular velocities and their 

displacement histories with time-varying velocities that include postseismic deformation 

and displacement histories that include both coseismic and postseismic displacements.

The rheologic structure of the Earth’s lower crust and mantle are controlling 

factors of postseismic deformation and the rheologic structure of the western United 

States has been a point of interest in many recent studies (e.g. Pollitz 2003; Johnson et al.,

2007; Hammond et al., 2010; Freed et al., 2007; Freed et al., 2012;  Spinler et al., 2015; 

Pollitz, 2015).  Deformation from three M7+ magnitude earthquakes, 1992 Landers, 1999

Hector Mine and 2010 El Mayor – Cucapah (EMC)  and two earthquakes in the Gulf of 

California, a M6.9 event in 2009 (GC09) and a M7.0 event in 2012 (GC12)  are included 

in our search for a viscosity structure.  We then use this structure to predict the 

postseismic displacements of the five earthquakes listed above and the effects of earlier 

events including the 1887 Sonoran, 1892 Laguana Salada, and 1940 Imperial Valley 

earthquake (Figure 1c) (Table 1).  After removing the transient effects of the earthquakes,

all site velocities with their total uncertainty can be viewed as an estimate of background 

secular or time-independent velocities that represents long-term deformation (Hammond 

et al., 2010), giving a velocity field one would expect if no earthquakes had occurred.
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2  Data Analysis and Modeling

2.1  Description of Sites and GPS Data

We use GPS data collected from a heterogeneous network of GPS stations, with a 

wide variety of monument and instrument types, to estimate site velocities relative to the 

North America fixed reference frame.  The GPS networks used include the Plate 

Boundary Observatory (PBO) which began operation circa 2004; the NOAA 

Continuously Operating Reference Stations (CORS) many of which have been running 

since 2005; campaign data collected in 1998 and 1999 and in 2009 and at a limited 

number of sites in 2012; and as part of the EarthScope project, 34 semi-continuous to 

continuously operating sites (ES) established in 2010; and two locally operated 

continuous sites in the Tucson, AZ area, AMTN and TNSS (Figure 1b).  Earthquake 

related deformation varies greatly over time and over the study area, making it difficult to

interpret data with such disparate sampling without a model for postseismic deformation. 

All GPS position time series are in the NA12 reference frame (Blewitt et al., 

2013).  Most were processed with GYPSY at the University of Nevada, Reno and 

downloaded from geodesy.unr.edu.  Campaign data and AMTN and TNSS were 

processed with GAMIT/GLOBK (Herring et al., 2015a; Herring et al., 2015b) by 

combing PBO SINEX files available at UNAVCO and GLX files available at MIT with 

our locally processed data collected at the sites.  The PBO SINEX files were down-

weighted by a factor 2 relative to the MIT GLX files so that the MIT GLX files would 

have a greater influence in defining the reference frame.  The NA12 reference frame in 
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GAMIT/GLOBK was realized using files available with the GAMIT/GLOBK 

distribution.

2.2  Coseismic and Postseismic Forward Model 

We adopt some of the various ideas of continental rheologic structure of previous 

workers in our model: a lower crustal Maxwell viscosity (e.g. Pollitz, 2003; Hammond et 

al., 2010; Spinler et al., 2015),  a Burgers body mantle viscosity (Pollitz, 2003; Hetland 

and Hager, 2005; Hearn et al., 2009; Pollitz, 2015) and the possibility of a lithospheric 

mantle layer (upper most mantle) beneath the lower crust and above asthenospheric/upper

mantle (Johnson et al., 2007; Freed et al., 2007; Pollitz, 2015).  Forward modeling was 

performed with PSGRN/PSCMP (Wang, 2006) version 2008 using a one dimensional, 

depth dependent rheological structure consisting of an elastic upper crust (15km), a 

viscoelastic Maxwell lower crust (15-30 km), and a Burgers body rheology for the 

lithospheric (uppermost)  (30 km-60 km) and sublithospheric mantle (> 60 km) (Figure 

2).

A Burgers rheology is composed of a Maxwell element with a steady state 

viscosity ηM in series with a Kelvin-Voigt element with transient viscosity, ηK (Pollitz, 

2003).  When ηM >ηK there is rapid relaxation immediately after the earthquake followed 

by slower relaxation (Hetland and Hager, 2005) as has been observed after the Hector 

Mine earthquake (Pollitz, 2003), the El Mayor-Cucupah earthquake (Pollitz et al., 2012), 

and earthquakes along the North Anatolian Fault Zone (Hearn et al., 2009).  Shear moduli

for the Maxwell (μM) and Kelvin-Voigt (μK) elements for a given layer, are set equal 
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(μM/μK=1) (Pollitz 2003; Hetland and Hager, 2005).  A range of ηM/ ηK ratios of 1-1.5 

orders of magnitude have been used in previous studies of mantle rheology (Ryder et al., 

2011).  Combining a steady state olivine flow law and a biviscous constitutive 

relationship with transient and steady state viscosities, Freed et al., (2012) finds a ratio of 

steady state to transient viscosity >= 10 reasonably fits deformation following the Hector 

Mine earthquake.  Hearn et al. (2013) and Meade et al. (2013) include a ratio of 10 in 

their analysis of slip rates from geologic and geodetic data and Pollitz (2015) uses ratios 

of 4.17 and 10 in distinguishing southwest and northwest domains of southern California 

mantle.  While there is no agreed upon ratio of ηM/ηK, we fix the ratio at the commonly 

used value of 10.  

Elastic moduli are calculated within PSGRN given seismic velocities Vp and Vs 

and density.  The seismic velocities, density and crustal thickness were based on values 

from CRUST 1.0 using a wide area that encompasses all the events and are held constant 

in all forward models (Table 2, Figure 1c).  Forward models are referred to in text and 

figures with as (ηLC, ηLM, ηSL) where ηLC, ηLM, ηSL are the Maxwell viscosities of the lower 

crustal, lithospheric mantle and sublithospheric, asthenospheric/upper mantle, 

respectively.  A total of 3072 viscosity structures were randomly generated from the range

(1018.0,1018.0,1018.0)-(1021.0,1021.0,1021.0) Pa s.

Slip models for the five following events were obtained from the Finite Source 

Rupture Model Database http://equake-rc.info/SRCMOD and based on published results: 

1) Landers 6/28/1992 (Wald and Heaton, 1994); 2) Hector Mine 10/16/1999 (Salichon et 

al., 2004); 3) Gulf of California 8/3/2009 (Hayes, 2009); 4) El-Mayor Cucapah, 4/4/2010,

(Wie, 2011) (Table 1).  The slip models for the 4/12/2012 Mw 6.0 foreshock and 7.0 main

93

http://equake-rc.info/SRCMOD


shock in the  Gulf of California and the 6.2 after shock of the 8/3/2009 main event were 

based on the USGS moment tensors (USGS, 2017) (Table 1).  The large distance of the 

GPS stations form these events means that our computed co- and postseismic 

displacements are more sensitive to the earthquake moments and less sensitive to the 

small scale details of the rupture pattern.

2.3  Removing Effects of Recent Earthquakes from Time Series and Finding Viscosities 

that Minimize χ2

Elastic coseismic and viscous postseismic crustal surface displacements are well 

known phenomena associated with earthquakes (e.g. Reid, 1910; Nur and Mavko, 1974, 

Savage and Prescott, 1978).  In the absence of earthquakes or other disturbances we 

assume that a GPS position time series will have a constant linear velocity with 

superimposed annual and semi-annual sinusoidal fluctuations.  The constant linear 

velocity has been referred to as the time invariant velocity (Hammond et al., 2009), 

background secular velocity (Hammond et al., 2010) or steady background velocity 

(Pollitz, 2015).  Earthquakes will superimpose time-dependent postseismic displacements

on the background tectonic displacements resulting in time series with transient, time-

variable slopes (Hammond et al., 2009; Hammond et al., 2010) in addition to a secular 

trends or time invariant components of velocity.  Coseismic displacements are 

instantaneous and may be modeled by heaviside step functions.  Thus, coseismic 

displacements do not contribute appreciably to apparent velocity changes so long as they 

are accurately accounted for.  An observed GPS time series, d(t), that has been influenced
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by earthquakes can be adjusted for these effects by subtracting a forward model time 

series of co/postseismic displacements, um, and the resulting time series, d’(t), will be 

nearly linear, depending on the ability of the model to represent the rheologic response of

the physical system (1).  The adjusted time series will still contain annual and semi-

annual fluctuations and offsets from equipment changes and possibly offsets introduced 

at the time of earthquakes by modeled over- or under-estimation of coseismic offset.  A 

model with intercept b, velocity v, annual and semi-annual terms p1 – p4 and step 

functions Oi at times of earthquake and equipment offsets ti (2) is fit to the adjusted time 

series d’(t).

d’(t)=d(t) – um(t,ηLC,ηLM,ηSL)     (1)

d’(t) = b + vt + p1cos(2πt) + p2sin(2πt) + 

p3cos(4πt) + p4sin(4πt) + ∑
i=1

I

Oi H (t−ti) (2)

A grid search is performed using the 3072 random Maxwell viscosities in the 

range of (1018.0,1018.0,1018.0)-(1021.0,1021.0,1021.0) Pa s with the elastic properties, individual 

fault slip models and 1/10 relationship between Maxwell and Kelvin-Voigt viscosities 

held constant.  At this point, only the displacements of the five most recent earthquakes, 

Landers 1992, Hector Mine 1999, Gulf of California 2009, El Mayor-Cucapah and Gulf 

of California 2012 are removed from the observed time series.  The viscous response of 

the earlier events, Sonoran 1887, Laguna Salada 1892 and Imperial Valley 1940 are 

assumed to not constrain the viscosities due to lack of curvature (Hammond et al., 2010). 

A weighted least squares approach is used to estimate the model parameters, b, v, p1 – p4, 

Oi of (2), with weights equal to the reciprocal of the squared daily observational 

95



uncertainties, σsdt.  Continuous GPS sites used in finding the best fitting viscosities total 

approximately 130 (Figure 1b, Table 4) have long histories of data collection and are 

located at distances greater than 50 km from the fault surfaces of the Hector mine and El 

Mayor-Cucupah earthquakes to avoid the effects of afterslip (Freed et al., 2007; Freed et 

al., 2012).  Predicted data, using the least squares model estimates, are used in calculating

residuals, rsdt, for each site for each observation time in north and east directions.  A χ2 per

degree of freedom, with degrees of freedom equal to the number of observations, Tsd, 

minus the number of least squares parameters, Psd, are summed for each direction at each 

site and totaled over all sites, S (3). The total χ2
tot/dof that includes the number of sites and

east and north directions minus the three viscosities is shown as (4).

χ
2
/dof =∑

s=1

S

∑
d

e ,n

∑
t=1

T

[rsdt
σ sdt ]

2

/(T sd−P sd) (3)

χ tot
2

dof
=χ

2
/dof /(2S−3) (4)

A minimum χ2/dof value (3) indicates that the viscosity used in the forward 

model, when subtracted from the observed data, best removes the postseismic transient 

displacements and best approximates the rheological response of the system, given the 

assumptions of the crustal and mantle thicknesses, elastic properties and Maxwell and 

Kelvin-Voigt ratio.  The best fitting viscosity structure of the 3072 random samples has a 

Maxwell viscosity for the lower crust, lithospheric mantle and sublithospheric mantle of 

1019.92, 1019.55, 1018.78 Pa s, respectively and Kelvin-Voigt viscosities for the lithospheric 

mantle and sublithospheric mantle of 1018.55 and 1017.78, respectively.  The cumulative 

coseismic and postseismic displacements using the best fitting viscosity from the El 
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Mayor-Cucapah and Gulf of California 2012 earthquakes are shown as Figure 3.

2.4  Adjusted Velocities and Removing Effects of Early Earthquakes

To estimate a velocity that is unaffected by major earthquakes proximal to the 

SBR, co/post-seismic displacements using the best fitting viscosity structure and all eight 

events (Figure 1c, Table 1) starting with the 1887 Sonoran Earthquake are removed from 

the observed data.  The method is similar to that described above with the postseismic 

effects of these earlier events also removed from the observed time series.  The resulting 

velocity term, v, is considered the background secular velocity over the time period of 

observation.

The uncertainty in velocity estimates are addressed by way of least squares model

covariance (formal uncertainties) after scaling the continuous and semi-continuous site 

position uncertainties with Herring's (2003) long-term NRMS that includes the effects of 

white noise and time correlated noise in the form of a Gauss-Markov error process.  The 

long-term NRMS tends to be larger than the typical NRMS (5) depending on the inferred 

error process correlation time.  Thus, scaling by the long-term NRMS inflates the daily 

position uncertainties, providing a more realistic estimate of velocity uncertainties.  The 

time between campaign observations is generally greater than typical correlation times so

the long-term NRMS is more or less equivalent to the typical NRMS for campaign data.  

Campaign velocity formal uncertainties are those given after scaling the observed 

uncertainties with the NRMS (5).  Time series from campaign sites (Figure 1b) only use 

two parameters in the least squares fit, slope and intercept.  Time series from semi-
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continuous sites do not include terms for equipment and earthquake offsets and 

earthquake offsets are fixed to offsets computed from the forward model.  Campaign and 

semi-continuous sites are noted in Table 4.

NRMS=√ χ sdt
2

N−m
where χ sdt

2
=∑

t=1

T r sdt
2

σsdt
2  (5) 

Figures 4a-c show the observed and adjusted data with the least squares model 

results.  The top two plots in each set of figures display the observed data in the NA12 

reference frame with the co/postseismic model superimposed by shifting and rotating it 

onto the data for a visual comparison.  There are no presumed background velocities or 

displacements contained in the co/postseismic model before the first event.  The lower 

two plots in each set of figures shows the data after removing the co/postseismic 

displacements, the least squares model and the uncertainties after scaling with the long-

term NRMS (Herring, 2003).  

2.5  Velocity Uncertainties Associated with Uncertainty in the Best Fitting Viscosities

In the viscosity parameter space, a range of viscosities near the best fitting 

viscosity may be considered likely to represent the physical system and with these 

viscosities the velocity estimates from the adjusted time series may also be considered 

likely.  Sambridge (1999) describes the NA-Bayes resampling method that is used to 

appraise the χ2
tot/dof values (4) from the random search for the best viscosity.  For the 

resampling of the randomly distributed viscosity structures, the number of degrees of 
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freedom is chosen to be two times the number of sites (east and north directions) minus 

the three viscosities parameters that are varied in the grid search (4) and the number of 

observations and least square parameters are not included the degrees of freedom when 

appraising the viscosity parameter space.  The convergence criteria of the NA-Bayes 

ensemble assessment program is reached when the “PSR-stat” is close to unity 

(Sambridge, 1999).  This convergence criteria is met with 100 random walks of 1000 

steps with the 100 best solutions used as starting points and with 100 random starting 

points.  One dimensional marginal probability plots (Figures 5a-c) indicate that the 

viscosity of the lower crust has approximately the same probability above 1019.5 Pa s and 

the mantle viscosities have a bimodal probability distribution with peak probabilities near

the lithospheric and sublithospheric mantle best fitting viscosities (1019.92, 1019.55, 1018.78 ).  

The bimodal mantle probability and broad undefined peak of the lower crust are also 

visible in the 2D marginal probability plots (Figures 5d-f).  

Viscosities used with the forward model have an effect on the velocities 

determined from the adjusted time series.  Each viscosity combination will produce a 

different postseismic response leading to a different time invariant velocity (Hammond et

al., 2009).  To provide a range of viscosities and corresponding adjusted velocities, the 

viscosity combinations within all three of the 2D marginal 68% contours encompassing 

the global maximum probability are chosen as acceptable (Figures 5d-f, Table 3).  With 

these best viscosity structures, of which there are 29, east and north adjusted velocities 

are used to find an average velocity, variance-covariance matrix and correlation (Table 4).

A total uncertainty is estimated by combining the least squares fit formal uncertainties 

from the time series adjusted with the forward model using the best fitting viscosity 
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structure, σ, and velocity uncertainty due to the range of acceptable viscosities, σ,  (Table 

4).  Combining uncertainties is through simple addition of the formal and viscosity 

related covariance matrices, Cfrm and Cvsc  (6, 7).  North and east correlation are calculated

with (8).  Velocities adjusted using the best fitting viscosity structure and the average of 

the 29 best fitting viscosities are shown as Figure 7 with both sources of uncertainties and

total uncertainties as 2σ ellipses.  Figure 8 gives adjusted velocities for our area of 

interest and surrounding areas with total uncertainties.

C frm=[σ e
2 0

0 σn
2] (6.1) C vsc=[σe

2
σ en

2

σne
2 σn

2 ] (6.2)

C frm+C vsc=[(σ e
2
+σ e

2 ) σne
2

σne
2 (σn

2
+σn

2 )] (7)

Cor total=
σne

2

(√σ e
2
+σe

2 √σn
2
+σn

2
)

(8)

3  Results and Discussion

3.1 Viscosity Structure Uncertainty and Effect on Velocities

Within the 68 percent confidence region that contains the global maximum 

probability, lower crustal Maxwell viscosities range from 1019.25 Pa s to the limit of the 

tested parameter space of 1021.0 Pa s and the mantle Maxwell viscosities are located in a 

more narrow range of factors of 2.6 and 2.0 for the mantle lithosphere and 

sublithospheric mantle, respectively (Table 3, Figure 6).

Given the predetermined thicknesses of the lithospheric layers, 6 of the 29 

viscosity combinations in the 68 percent confidence region have a mantle lithosphere 
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Maxwell viscosity greater than the lower crust (Table 3). Of the six combinations, the 

lower crustal Maxwell viscosities range from 1019.25 - 1019.55 Pa s with lithospheric mantle 

viscosities ranging from 1019.57 to 1019.71 Pa s.  The lithospheric mantle is modeled as a 

Burgers rheology with a Kelvin element viscosity an order of magnitude less than the 

Maxwell element.  At early times following an earthquake, the lithospheric mantle will 

behave in a weaker manner with the response associated with the shorter characteristic 

time of the Kelvin element (Pollitz 2003; Burgmann and Dresen, 2008).  A majority of 

the viscosity combinations show a stronger lower crust relative to the lithopsheric mantle.

In all cases the lower crust and mantle lithosphere are underlain by a weaker, 

sublithospheric, asthenospheric/upper mantle material (Figure 6) consistent with other 

postseismic studies (Pollitz, 2003; Gourmelen and Amelung, 2005; Freed et al., 2007; 

Burgmann and Dresen, 2008; Hammond et al., 2010) and a combined postseismic and 

lake unloading study of the western Nevada (Dickinson et al., 2016).

Velocity uncertainty related to uncertainty in viscosities increases with proximity 

to the earthquake rupture zones (Figure 7).  At site P003, approximately 120 km from the 

EMC rupture zone the east viscosity related uncertainty, 0.16 mm/yr, is greater than 

observational east uncertainty of 0.06 mm/yr (Table 4). For campaign sites, e.g. HYDR 

and BLAN, the viscosity related uncertainty is less than the observational uncertainty.  

Approximately 200 km from the EMC rupture zone, at the site HARQ, the viscosity 

related and observational uncertainty are roughly equal.  

Viscosity related uncertainties near the Landers and Hector Mine rupture zones 

show large uncertainties and have uncertainty ellipse orientations with the major axis 

resembling an earthquake radiation pattern.  This pattern is less distinct beyond the 50 km
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cutoff for sites used in finding the best fitting viscosity.  Pollitz (2015) discusses afterslip 

in the area of Landers and Hector Mine.  However the time series for P795 begins in late 

2009 which suggests that the highly correlated uncertainties of east 0.68 mm/yr and north

0.58 mm/yr are not entirely, or at all, related to afterslip.  It appears the high uncertainties

are related to the seismic moment and closeness to the epicenter and show the sensitivity 

to predicted background secular velocities to variations in the rheologic structure.  As the 

uncertainties indicate, these background velocities are questionable, but seem to fit the 

overall velocity field in the area.  There are fewer sites near the EMC rupture zone, 

making the pattern less obvious, if it exists to the degree that it does in the vicinity of 

Landers and Hector Mine.  

3.2  Background Secular and Time-Varying Velocities

Background secular velocities that include the removal of postseismic 

deformation from the eight events (Figure 8) and show the gradual, pre-EMC westward 

increase in velocity of Kreemer et al. (2010) and Berglund et al. (2012).  Differences in 

length of time series analyzed, stable North American reference frames and removal of 

postseismic effects of Landers, Hector Mine, and earlier events makes a direct 

comparison of velocities difficult.  Removing the coseismic and postseismic deformation 

allows for the inclusion of both the campaign sites where some of the first observations 

were in late 1998 and early 1999, prior to the 10/16/1999 Hector Mine earthquake, and 

post-EMC sites resulting in a more densely sampled velocity field under the assumption 

that the velocities have been restored to the secular background rate.
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Modeled postseismic velocities for the individual events for site P003 (Figures 

9a-b) give an indication of how earthquakes on the San Andreas Fault system and in the 

Gulf of California affect the velocity field of the SBR.  Before the Landers 1992 event, 

postseismic velocities from the 1887 Sonoran, 1892 Laguna Salada and 1940 Imperial 

Valley are less than approximately 0.2 mm/yr.  The direction of co/postseismic velocities 

are primarily to the east with a lesser southern component.  Prolonged posteismic 

velocities from the Laguna Salada and Imperial Valley events have a similar pattern of 

deformation owing to their location relative to site P003.  West directed velocities from 

the 1887 Sonoran earthquake are almost zero and in the expected direction of a 175 

degree striking normal fault far to the southeast of P003.  The north EMC postseismic 

component at P003 changes from positive to negative after about 4 years resulting at first 

in a destructive and then constructive interference with the postseismic deformation of 

the Gulf of California events.  At site P003, the additive effect of the several earthquakes 

is an east and south directed postseismic velocity.

Taking the estimated secular background velocity and adding the modeled 

postseismic velocities of all the events over the time period 1990-2020 gives an estimate 

of the observed velocity (Figures 9c-d).  The Landers, Hector Mine, and EMC events 

result in a temporary reversal of velocities from W to E and from N to S.  Following the 

EMC event, the eastward reversal appears to have lasted up until about 2012.  The 

velocity estimated from the data for the years 2011-2013 using "tsfit” (Herring et al., 

2015b) with annual and semi-annual terms and long-term NRMS scaling gives an east 

velocity of -0.19 +/- 0.14 mm/yr (Figure 1a) and the unadjusted data (Figure 4b) also 

displays this eastward reversal.  Velocity estimates during 2011-2013 includes the effects 
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of the GC12 event and although small, also contributes eastward co/postseismic 

displacements at site P003 that will effect the velocity estimate from the observed data.  

Postseismic deformation continues with a reduced east velocity during the last three years

of -1.37 mm/yr compared to the pre-EMC rate of -2.41 mm/yr (Figure 1a) and the 

estimated background secular velocity of -3.01 mm/yr (Table 4).  Overall, the postseismic

deformation has a reducing effect on both westward and northward velocity and impedes 

the background secular velocity (Figures 9c-d).

3.3  Displacement Histories

We estimate histories of the secular background or time invariant displacements 

by using the background secular velocity and multiplying by time.  A second history is 

estimated by adding the modeled co/postseismic displacements associated with the best 

fitting viscosity to the background secular displacements and are considered the modeled 

site displacements.  Velocity uncertainties are included in estimating the displacements by

using the background secular velocity plus or minus one-sigma velocity uncertainty, 

before multiplying by time.  These same uncertainties are included in the modeled site 

displacements through addition of the modeled postseismic displacement to the upper and

lower bounds of the background displacements.  By subtracting the displacements at two 

sites, the relative displacements show can divergence or convergence between the two 

sites.  During subtraction, the uncertainties of the displacements of the two sites are 

added in quadrature, which is conservative in the absence of estimates for inter-site error 

correlation.
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Starting with a displacement of zero and at a time of one day before the 5/3/1887 

Sonoran earthquake, displacements that follow the background secular velocity and 

displacements of the modeled site displacements at example sites are shown as Figures 

10-12.  In this way, a comparison can be made at and between sites of the long term 

background behavior and the behavior that includes co/postseismic displacements.  

Minimum and maximum displacements associated with all the accepted viscosity 

structures are also shown as another indication of viscosity related uncertainty.  Average 

velocities of the co/postseismic displacements and modeled site displacements are 

calculated with the change in displacement over the time interval of 5/2/1887 through 

1/1/2075.  These average velocities are referred to as average co/postseismic velocity 

(ACPV) and average site velocity (ASV) in Figures 10-12.  The length of time over 

which these comparisons are made directly effects the average velocities and is ~187.5 

years following the 1887 Sonoran earthquake.  Velocities are given as positive in the east 

and north directions and negative in the west and south directions.

For the sites SENO and P003 (Figures 1a, 8, 10g), the north-south directed 

co/postseismic displacements are minimal with average velocities of -0.06 mm/yr and 

0.05 mm/yr respectively.  East directed co/postseismic displacements reduce the 

background secular velocity by approximately 19%, from -2.50 to -2.03 mm/yr at SENO 

and 28% from -3.07 to -2.21 mm/yr at P003.  When comparing the relative displacements

between the two sites, under background conditions the sites would separate at -0.57 

mm/yr with P003 moving at a higher rate to the west at -3.07 mm/yr versus SENO's rate 

of -2.50 mm/yr.  However, when including co/postseismic displacements, the larger 

reduction in westward velocity at site P003, due to eastward co/postseismic 
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displacements, drops the separation rate to 0.18 mm/yr or about 68%.  If both sites 

experienced the same co/postseismic deformation, there would be no change in the 

separation rate.  SENO and P003 are separated in an east-west direction of approximately

133 km.  Over this distance, the reduction in strain rate is from 4.29 ns/yr to 1.35 ns/yr.  

Figure 10f also indicates brief periods of shortening following the earthquakes when the 

motion of P003 is to the east.  It appears from Figure 10f that after the period of 

convergence following EMC, it may take several decades before the relative distance 

between the two sites equals the pre-EMC distance. 

The modeled co/postseismic displacements from the 1887 Sonoran earthquake 

have a large effect on the site CRND, located in southeastern AZ , displacing it to the 

west, toward site P001 (Figures 11, 8, 10g) and increasing the westerly velocity above the

background rate of -1.03 mm/yr to -1.26 mm/yr.  Site P001 was not as significantly 

effected by the 1887 event, but has a reduced westerly velocity of -2.10 mm/yr to -1.77 

mm/yr, largely from the 2010 EMC earthquake.  An early, large increase in westerly rate 

at CRND and a later reduction in westerly rate at P001 has the effect of reducing the 

separation rate between the two sites by approximately 50% to -0.51 mm/yr.  An east-

west distance of 242 km separates CRND and P001 giving a reduced strain rate of 2.11 

ns/yr compared to the background rate of 4.42 ns/yr.  Following the 1887 earthquake 

there is a brief period of shortening and it is not until the mid-1930s before extension 

restores the distance between CRND and P001 to its pre-Sonoran distance.  Shortening 

followed by extension and returning to the pre-earthquake distance occurs to a lesser 

degree following the EMC earthquake.  As with the previous two sites the northerly 

co/postseismic displacements have a relatively smaller effect, although the GC events add
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small south directed co/postseismic displacements to reduce the long term background 

velocity from 0.11 mm/yr to 0.01 mm/yr.  The overlapping one-sigma confidence 

intervals imply it is not statistically significant and the difference in rates is below the 

GPS measurement error.  However, over the shorter time period of 2011-2014, it appears 

to have effected the velocity estimate from the unadjusted data (Figure 1a).

At sites located in the northwestern AZ, the co/postseismic displacements have a 

greater southerly component than easterly.  There is approximately a 50% reduction in 

the northward component at site VFSP, from 0.81 mm/yr to 0.41 mm/yr, most of which 

starts with the 1992 Hector Mine earthquake.  MARB has been weakly effected by 

Hector Mine and later events. With a starting point of 1887, the approximately 105 years 

of nearly coincident background and co/postseismic displacements at both VFSP and 

MARB leads to a lower average site velocity than if a later starting time were used.  Even

with this early starting time there is a decrease in the average north velocity of VFSP 

relative to MARB of 37%, from a background rate 0.78 mm/yr to 0.49 mm/yr.  The 

difference in the easterly components shows an increase in separation from a background 

rate -0.94 mm/yr to -1.08 mm/yr.  Hammond et al. (2010) include the 1872 Owens Valley

and 1857 Ft. Tejon earthquakes which show an easterly postseismic component in 

northwestern AZ from 2002 - 2008 as does their total postseismic velocities that include 

Landers and Hector Mine (Hammond et al., 2010 supplemental material).  Adding these 

earlier earthquakes would effect our background rate to some degree and may require 

using an earlier starting date to find the total co/postseismic displacements.  Although the 

westward increase in separation between the two sites to -4.39 ns/yr from -3.82 ns/yr is 

not statistically significant and including earlier earthquakes could change the results, it 
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may be important that some postseismic deformation contributes in extension in 

northwestern Arizona, where there is greater seismicity.

4  Conclusions

The SBR has been subjected to the frequent coseismic and long lasting 

postseismic displacements of several large earthquakes over the last 130 years.  Transient 

effects of these earthquakes, particularly the more recent 2010 El Mayor-Cucapah and 

two events in the Gulf of California in 2009 and 2012 obscure the long term background 

secular velocity at many of the EarthScope sites deployed in 2010.  Data collected at a 

subset of campaign sites was prior to the 1999 Hector Mine earthquake and subsequent 

data would include the coseismic and postseismic displacement that occurred in the 

intervening time and effect velocity estimates from the observed data.  To remove the 

transient effects and enable the use of GPS data collected over different periods of time, a

viscosity structure must be estimated that best restores the observed position time series 

to linearity.  Crustal thickness varies from over 40 km on the CP to less than 20km in the 

northern Gulf of California (Figure 1c) where there are indications of the early stages of 

sea floor spreading (Prol-Ledesma et al.; 2012, Schmitt et al., 2013).  Although the 

lithosphere in SWUS is thought to be heterogeneous (Pollitz, 2015) and likely variations 

exist in the Gulf of California (Prol-Ledesma et al., 2012, Schmitt et al., 2013), the 

simplest approach to removing the effects of these earthquakes at GPS site locations over 

a wide area is to represent the lithosphere with a one-dimensional depth dependent 

model.  Following the ideas of previous workers in making assumptions about the 
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rheologic structure, the estimated best fitting viscosity is similar to other results, with 

viscosity decreasing with depth.  In addition to finding a best fitting viscosity structure, a 

range of probable viscosity structures were chosen and uncertainties in velocity estimates 

of the adjusted time series associated with those structures were added to the formal 

uncertainties of the least squares inversion used in finding a linear fit to the adjusted data.

Uncertainties associated with the range of viscosities are larger proximal to the epicenters

and generally smaller than the formal uncertainties at distances greater than 

approximately 200 km.

After removing the effect of the eight earthquakes, the background secular 

velocities are similar to the velocities prior to EMC, but include the small, prolonged 

postseismic velocities of the earthquakes before EMC.  Postseismic deformation from 

EMC continues in the three year period of 2014-2016 at least in SW AZ where pre-EMC 

data is available.  Ongoing postseismic deformation in the study area from the GC09 and 

GC12 events is harder to gauge do its distance and constructive-destructive interference 

of multiple events.  The predicted postseismic velocity from these events is about 

0.2mm/yr to the south and this may be the case at P001 (Figure 1a).  The transient, time 

variable effect of the earthquakes estimated by adding the modeled co/postseismic 

displacements to the background secular displacements indicates that earthquakes along 

NA-PA plate boundary tend to temporarily reduce extension and dampen strain 

accumulation in southwestern AZ.  Areas close the earthquakes have their westward 

velocities temporarily reversed leading to short periods of shortening.  Also, the 

intercontinental 1887 Sonoran earthquake in Mexico, just south of the southeast corner of

AZ, temporarily tends to reduce extension in areas to the west at least as far as site P001. 
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In northwestern AZ, co/postseismic deformation reduces the northern velocity component

relative to areas internal to the CP and its effect on extension is less clear.

Positioned away from the plate boundary yet close enough to be influenced by its 

repeating large earthquakes over the last 100+ years, leaves the surface velocities in a 

SBR in a non-steady state.  These earthquakes tend to temporarily reduce strain 

accumulation in SW AZ.  Infrequent intercontinental earthquakes such as the Sonoran 

1887 event also alter the velocity field and depending on their location can also 

temporarily reduce the extension rate in SW AZ.  As the postseismic deformation decays, 

velocities will again approach the background secular velocity, however this background 

velocity may never be reached depending on the frequency of future large plate boundary

earthquakes. 
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6  Figures

Figure 1a.  Observed velocities before El Mayor-Cucapah (black), for years 2011-2013 
(blue) that show effects of El Mayor-Cucupah postseismic and Gulf of California 2012 
coseismic and postseismic deformation.  White vectors show the velocities years 2014-
2016.
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Figure 1b. GPS sites used in study.  Green: New EarthScope sites, red: PBO sites, black: 
campaign sites, blue: other sites include NAOA CORS.  Plate boundary is shown as blue 
and Quaternary faults as dark gray.  Thick white line is outline of the Colorado Plateau 
(CP).  SBR denotes Southern Basin and Range.
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Figure 1c.  Events used in correcting observed time series.  1: Sonoran 1887, 2: Laguna 
Salada 1892, 3: Imperial Valley 1940, 4: Landers 1992, 5: Hector Mine 1999, 6: Gulf of 
California 2009, 7: El Mayor Cucapah 2010, 8: Gulf of California 2012.  Five events, 4-8
were used in finding the best fitting viscosity.  Circle is 300km from Tucson, AZ.   
Contours and shading are crustal thickness (km) (Laske et al., 2013).  Dashed line shows 
area with average crustal thickness of approximately 30km.  F: Flagstaff, L: Las Vegas, P:
Phoenix, T: Tucson. 
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Figure 2.  Elastic and viscoelastic structure used in PSGRN/PSCMP forward model.  
Upper crust: elastic; lower crust: Maxwell viscoelastic; lithospheric mantle and 
sublithospheric mantle: Burgers body.  Kelvin-Voigt viscous element (KV) is 1/10 of the 
Maxwell viscosity (Max). 
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Figure 3. Model results of four years of coseismic and postseismic deformation from El 
Mayor – Cucupah (white) and Gulf of California 2012 (black) earthquakes.  Thick, 
dashed gray line shows approximate are of Figure 1a. Site colors as in Figure 1b.
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Figure 4. (a) Data and models for site P001.  Top two plots show raw data (black) with 
co/postseismic model (blue) superimposed by shifting and rotating for visual comparison.
Bottom two plots show adjusted data (black) and least squares model (blue).  
Uncertainties are shown as red and are discussed in text. (b) and (c) are same as (a) for 
sites P003 and GMPK, respectively.
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Figure 4b. Data and models for site P003.  Symbols explained in Figure 4a.
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Figure 4c. Data and models for site GMPK.  Symbols explained in Figure 4a.
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Figure 5.  1D (a-c) and 2D (d-f) marginal plots based on Sambridge (1999) NAB.  
Nwalks=100, Nsteps=1000. Note Maxwell (ηMax) and Kelvin/Voigt (ηKV) viscosities are 
plotted on separate axis. (a) Lower crust, (b) Mantle Lithosphere, (c) Sublithospheric 
mantle.
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Figure 5 (cont.).  2D marginal plots.  65% (solid) and 95% (dashed) confidence intervals 
based on Sambridge (1999) NAB.  Nwalks=100, Nsteps=1000. There are 29 viscosity 
structures that fall with the 68% confidence regions that encompass the global minimum 
(red squares).  Color shows relative probability.  Note Maxwell (ηMax) and Kelvin/Voigt 
(ηKV) viscosities are plotted on separate axis. (d) lower crust and mantle lithosphere, (e) 
mantle lithosphere and sublithospheric mantle, (f) lower crust and sublithospheric mantle.

In
cr

ea
si

ng
 P

ro
ba

bi
li

ty

d e

f

   
  S

L

   
  S

L

   
  S

L

   
  S

L

125



Figure 6. Variation of viscosity with depth.  Viscosity ranges are based on the random 
values that lie within the 68% confidence region of the global minimum.  Red is Maxwell
viscosity magenta is Kelvin-Voigt viscosity (1/10 th of Maxwell viscosity).  Tau are tR, 
Maxwell and Kelvin-Voigt relaxation times.  Lower crust shows range of relaxation 
times.  Mantle relaxation times are average.  Sublithospheric mantle (SL mantle) does not
have a lower boundary in the deformation model.

Figure 7. Velocities from best fitting viscosity and formal uncertainties (blue vector, black
ellipse) with average velocity and uncertainty from viscosities within 68% confidence 
region (green vector and ellipse) and total uncertainty ellipse (red).  Best fitting and 
average velocity are almost indistinguishable on plot.  Fault patches projected to the 
surface, Landers: black squares, Hector Mine: blue triangles,  EMC: red circles. Dotted 
black line marks inset boundary. 7a SW Arizona with inset 7b showing PBO sites P003 
and P796 (red text) Campaign sites HYDR and BLAN (black text) and EarthScope site 
HARQ (green text). 7c Landers and Hector Mine area and inset 7d.
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Figure 8.  Adjusted velocities on NA plate with combined formal uncertainties and 
uncertainty from range of acceptable viscosities.  Gold: ES sites, white: PBO sites, gray: 
CORS, black: campaign sites, blue: UA sites.  Contours are magnitude of velocity in 
mm/yr.  El-Mayor Cucapah rupture zone is shown as yellow.  Plate boundary and 
Quaternary faults: red, Pacific plate: brown, CP outline: thick gray dashed line, southern 
boundary of Arizona Transition Zone: thin gray dashed line.
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Figure 8 (cont.). same as above without site names.

Figures 9a and 9b.  Log10 east and north postseismic velocity for the 8 modeled events at
P003. S: Sonoran, LS: Laguna Salada, IV: Imperial Valley, L: Landers, H: Hector Mine, 
9: Gulf of Cal. 2009, E: El-Mayor Cucupah, 12: Gulf of Cal. 2012.  Thick black line is 
total postseismic velocity.  (c) and (d) east and north total postseismic velocity (thick 
black) as in (a) and (b).  Background tectonic velocity (thin blue dashed line with 
uncertainties (dotted) and modeled site velocity (background + postseismic) thick red.
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Figure 10.  Displacements from day before Sonoran 5/3/1887 earthquake until 1/1/2075 
for sites SENO and P003.  Background secular displacements (blue), co/postseismic 
displacements (black), background + co/postseismic (red) are modeled site 
displacements.  Blue dashed lines in Figures 10a-f are secular background displacements 
calculated with ± one-sigma total uncertainties.  Light red shaded area is bound by 
minimum and maximum displacements from all viscosities in the 68% confidence 
interval.  Red dashed lines in Figures 10e-f are ± one-sigma background secular total 
uncertainties added to co/postseismic displacements.  Gray dot-dashed line connects 
beginning and ending displacement of modeled site displacements and modeled 
co/postseismic displacements and represents the average velocity in mm/yr.  ASV: 
average site velocity; ACPV: average co/postseismic velocity; BV: background velocity.  
Figure 10e-f are P003 displacements minus SENO displacements, to give relative 
displacements, background velocities and average site velocities.  Figure 10g shows 
locations of sites discussed in Figures 10-12.
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Figure 11. Displacement histories at sites CRND and P001.  Symbols and notation are the
same as in Figure 10.
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Figure 12.  Displacement histories at sites VFSP and MARB. Symbols and notation are 
the same as in Figure 10.
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7  Tables

Table 1. Earthquakes used in forward models. Comments include D: depth L: length W: 
width: SDR: strike, dip, rake.

Name, Magnitude Date Location Reference Comments

Sonoran, Mw 7.5 5/3/1887 30.75, -109.25 Suter (2008) D 9km  L 108km W
18km SDR:  175, 
68,  -90,  Mo 
1.78e20

Laguna Salada, Mw
7.05

2/23/1892 32.41, -115.64 Meuller and 
Rockwell (1995), 
Hough and Elliot 
(2004)

D 7km, L 20km, W 
14km, SDR: 315, 
60,   221 Mo 4.6e19

Imperial Valley Mw
6.9

5/18/1940 33.222, -115.697 Wikipedia/SCEC D 7km  L 50km  W 
15km  SDR: 315, 
90,  180 Mo 2.4e19

Landers, Mw 7.28 06/28/1992 34.20, -116.43 Wald and Heaton 
(1994) 1

Hector Mine, Mw 
7.14

10/16/1999 34.5900, -116.2700 Salichon et al. 
(2004) 1

Gulf of Cal. 2009, 
Mwc 6.2

08/03/2009 
18:40:50 UTC

29.310, -113.728 Centroid moment 
tensor (Mwc) 
USGS2

D 10km, L 20km, 
W 11km, SDR: 
132,80, -180, Mo 
2.95e18

Gulf of Cal. 2009, 
Mw 6.9

08/03/2009 
17:59:56 UTC

29.4094, -112.8066 Hayes (2009) 1

El-Mayor Cucapah,
Mw 7.29

04/04/2010 32.3000, -115.2670 Wei (2011) 1

Gulf of Cal. 2012, 
Mwb 6.0

04/12/2012 
07:06:00 UTC

28.837, -113.027 Body wave moment
Tensor 
(Mwb)USGS2

D 9km, L 15km W 
11km SDR: 
311,90,178,
Mo 1.18e18 Nm

Gulf of Cal. 2012, 
Mwc 7.0

04/12/2012 
07:15:48 UTC

28.696, -113.104 Centroid moment 
tensor (Mwc) 
USGS2

D 13km, L 110km, 
W 15km, SDR: 
311,90,179, Mo 
4.35e19 Nm

1. SRCMOD  http://equake-rc.info/SRCMOD
2. USGS earthquake.usgs.gov as of 6/2014.  Using perferred origin for location and and depth and moment 
tensors for moment used with estimated size (L*W) and a shear modulus of 33.0 E9 Pa to calculate average
displacement on fault surface.
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Table 2.  Description of material properties used in PSGRN/PSCMP based on the area of 
Figure 1c and CRUST 1.0.

Layer Vp (km/s) Vs (km/s) Density (kg/m3) μ Gpa λ  GPa

Upper crust 6.17 3.58 2760 35 34

Lower crust 6.44 3.66 2820 38 41

Mantle 7.93 4.41 3270 64 78
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Table 3.  Best fitting log10 Maxwell viscosities with Xi^2/dof as given with Eq 4. 
Lithospheric and sublithospheric mantle Kelvin-Voigt viscosities are 1/10 of Maxwell 
viscosity.
Lower Crust Lithospheric Mantle Sublithospheric 

Mantle
Xi^2/dof

19.92 19.55 18.78 7.844260

19.66 19.62 18.81 7.844921

19.78 19.63 18.75 7.845137

19.34 19.64 18.84 7.845737

21.00 19.49 18.81 7.845911

19.55 19.57 18.86 7.846431

20.48 19.57 18.84 7.846501

20.51 19.67 18.80 7.846952

19.49 19.60 18.70 7.847115

20.16 19.44 18.70 7.847291

20.83 19.59 18.71 7.847324

20.71 19.55 18.70 7.847539

19.51 19.48 18.85 7.848010

20.55 19.38 18.77 7.848024

20.61 19.53 18.86 7.848071

20.32 19.52 18.86 7.848395

19.37 19.71 18.85 7.848427

20.84 19.32 18.75 7.850546

19.93 19.32 18.73 7.850602

20.49 19.74 18.79 7.851026

20.31 19.73 18.75 7.851407

19.25 19.59 18.93 7.851744

19.44 19.57 18.95 7.852513

20.10 19.38 18.86 7.853630

20.95 19.49 18.92 7.854354

19.83 19.74 18.70 7.855512

20.63 19.62 18.65 7.856405

20.50 19.59 18.64 7.856659

19.69 19.40 18.91 7.857297
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Table 4.  Velocities, uncertainties and correlations for range of velocities from acceptable 
viscosities and velocities from best fitting viscosity model.  vive, vivn, vies, vins and vicr
are based on the  range of velocities from best fitting viscosities: vive, vivn are average 
east and north velocities. Vies and vins are east and north sigmas, vicr is correlation 
coefficient.  vee, ven, vees, vens are velocities and formal uncertainties for best solution 
after scaling.  set, snt, crt are sigma east total, sigma north total and correlation total, 
respectively and are the total uncertainties discussed in the text.

site vive vivn vies vins vicr vee ven vees vens set snt crt
“=” minimization site; “@” earthscope site; “+” semi continuous ; “*” campaign site.
7OAK+ -3.01 0.62 0.01 0.07 0.87 -3.00 0.64 0.28 0.36 0.28 0.36 0.01

7ODM= -16.56 14.15 0.29 0.17 -0.22 -16.52 14.14 0.30 0.15 0.42 0.23 -0.11

AGFR -1.93 -0.00 0.06 0.04 -0.59 -1.96 -0.00 0.13 0.12 0.14 0.12 -0.08

AGMT -5.34 8.18 0.34 0.58 0.97 -5.40 8.20 0.04 0.12 0.34 0.59 0.95

AGUA@ -2.00 0.35 0.06 0.04 -0.59 -2.02 0.35 0.06 0.08 0.09 0.09 -0.18

ALAM -2.42 0.63 0.02 0.07 0.99 -2.42 0.65 0.02 0.02 0.03 0.07 0.69

ALUT -0.07 -0.26 0.01 0.03 0.99 -0.06 -0.26 0.17 0.09 0.17 0.09 0.02

AMTN= -1.56 0.34 0.09 0.03 -0.96 -1.58 0.34 0.11 0.12 0.14 0.13 -0.14

ANTB -2.86 0.86 0.01 0.03 0.78 -2.86 0.87 0.21 0.07 0.21 0.07 0.01

APEX -2.11 1.08 0.03 0.08 0.68 -2.11 1.09 0.02 0.02 0.04 0.08 0.53

ARCH@ -0.59 0.01 0.00 0.03 0.86 -0.58 0.01 0.04 0.12 0.04 0.12 0.02

ARGU -6.14 6.17 0.09 0.03 0.98 -6.13 6.18 0.03 0.03 0.10 0.04 0.74

ASHM -2.26 1.76 0.04 0.11 0.22 -2.25 1.77 0.03 0.02 0.05 0.11 0.17

AUBR@ -1.53 0.15 0.01 0.07 -0.97 -1.53 0.16 0.08 0.14 0.08 0.16 -0.08

AVRY= -11.39 10.74 0.83 0.18 0.58 -11.47 10.72 0.26 0.10 0.86 0.21 0.48

AZAH -2.20 0.11 0.05 0.02 -0.65 -2.22 0.11 0.13 0.06 0.14 0.07 -0.07

AZAM -1.60 1.25 0.10 0.04 -0.98 -1.60 1.25 0.19 0.13 0.21 0.13 -0.12

AZBH= -2.22 0.79 0.03 0.12 -0.97 -2.23 0.82 0.14 0.07 0.14 0.14 -0.18

AZBK= -2.39 0.73 0.09 0.04 -0.56 -2.42 0.73 0.11 0.15 0.14 0.16 -0.09

AZBR -1.26 -0.05 0.09 0.03 -0.96 -1.28 -0.05 0.06 0.06 0.11 0.06 -0.34

AZCC 1.17 0.53 0.07 0.03 -0.89 1.17 0.52 0.57 0.28 0.57 0.28 -0.01

AZCL= -1.51 0.15 0.05 0.02 -0.80 -1.53 0.15 0.52 0.37 0.52 0.37 -0.00

AZCO -1.11 0.35 0.07 0.02 -0.88 -1.11 0.33 0.08 0.09 0.10 0.09 -0.16

AZDS -2.46 1.30 0.04 0.11 -0.70 -2.46 1.32 0.05 0.20 0.07 0.22 -0.21

AZFL -1.68 0.16 0.03 0.04 -0.72 -1.69 0.16 0.04 0.08 0.06 0.09 -0.18

AZFM= -2.93 0.90 0.06 0.13 -0.15 -2.94 0.93 0.04 0.06 0.07 0.14 -0.11

AZGB -2.95 0.34 0.06 0.02 -0.89 -2.97 0.34 0.70 0.27 0.71 0.27 -0.01

AZKR -1.09 0.21 0.05 0.02 -0.91 -1.11 0.21 1.71 0.36 1.71 0.36 -0.00

AZMO -6.51 2.23 0.06 0.02 -0.74 -6.53 2.23 0.38 0.28 0.38 0.28 -0.01
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AZPA -1.94 0.68 0.09 0.04 -0.58 -1.97 0.68 0.19 0.19 0.21 0.20 -0.05

AZPE -2.10 0.27 0.06 0.02 -0.57 -2.12 0.27 0.20 0.31 0.21 0.31 -0.01

AZPG -1.29 -0.32 0.01 0.04 -0.87 -1.29 -0.31 0.09 0.10 0.09 0.11 -0.02

AZPS -2.41 0.24 0.05 0.05 -0.54 -2.43 0.24 0.11 0.47 0.12 0.47 -0.02

AZRV -1.79 0.13 0.05 0.01 -0.91 -1.80 0.14 0.09 0.16 0.10 0.16 -0.02

AZRY= -20.53 19.43 0.07 0.44 -0.08 -20.52 19.48 0.03 0.04 0.07 0.44 -0.07

AZSC -3.29 1.00 0.06 0.02 -0.71 -3.32 1.00 0.87 0.13 0.87 0.13 -0.01

AZSF -1.25 -0.16 0.07 0.01 -0.85 -1.27 -0.15 0.06 0.22 0.09 0.22 -0.04

AZST -2.15 0.18 0.09 0.03 -0.77 -2.18 0.18 0.07 0.12 0.12 0.12 -0.17

AZSV -1.24 -0.01 0.06 0.03 -0.68 -1.26 -0.01 0.12 0.34 0.14 0.34 -0.02

AZTP= -1.64 0.18 0.09 0.03 -0.68 -1.66 0.18 0.11 0.09 0.14 0.10 -0.15

AZU1= -23.45 21.15 0.09 0.13 0.22 -23.45 21.13 0.21 0.18 0.23 0.22 0.05

AZUP -1.80 0.64 0.09 0.03 -0.69 -1.83 0.64 0.26 0.39 0.27 0.39 -0.02

AZVA -1.47 0.32 0.10 0.03 -0.97 -1.48 0.32 0.10 0.05 0.14 0.06 -0.33

AZWA= -1.96 0.18 0.08 0.05 -0.49 -1.99 0.18 0.23 0.05 0.24 0.07 -0.11

AZYC -2.61 0.70 0.05 0.12 -0.17 -2.62 0.72 0.04 0.06 0.06 0.13 -0.11

AZYU= -2.97 1.25 0.26 0.14 0.26 -3.02 1.26 0.10 0.07 0.28 0.15 0.21

BAMO -2.93 0.60 0.01 0.03 0.80 -2.93 0.61 0.03 0.05 0.03 0.06 0.11

BATM -2.42 1.80 0.05 0.09 -0.11 -2.41 1.82 0.03 0.04 0.06 0.10 -0.09

BATT -2.71 0.31 0.01 0.04 0.75 -2.71 0.32 0.11 0.22 0.11 0.22 0.01

BBRY= -10.41 11.58 0.14 0.28 0.03 -10.40 11.60 0.08 0.10 0.16 0.30 0.03

BDSP@ -2.04 0.21 0.02 0.07 0.63 -2.04 0.23 0.18 0.13 0.18 0.15 0.03

BEAT -2.75 1.29 0.04 0.06 0.58 -2.75 1.30 0.01 0.01 0.04 0.06 0.52

BEER -7.70 9.84 0.07 0.11 -0.28 -7.70 9.85 0.14 0.08 0.16 0.13 -0.10

BEES -3.19 0.81 0.01 0.04 0.70 -3.19 0.82 0.04 0.04 0.04 0.06 0.12

BEMT -6.90 4.47 0.27 0.39 -0.76 -6.91 4.49 0.02 0.04 0.27 0.39 -0.75

BIGS -3.03 0.66 0.01 0.05 0.75 -3.03 0.67 0.04 0.11 0.05 0.12 0.06

BILL= -23.86 22.34 0.19 0.31 0.93 -23.82 22.36 0.27 0.26 0.33 0.41 0.41

BIRD -2.18 1.52 0.07 0.14 0.74 -2.18 1.54 0.04 0.08 0.09 0.16 0.55

BKAP= -2.66 2.75 0.17 0.55 1.00 -2.67 2.73 0.02 0.09 0.17 0.56 0.98

BLAN* -2.90 0.39 0.10 0.03 -0.53 -2.94 0.39 0.17 0.16 0.19 0.17 -0.05

BLYT= -3.29 1.00 0.14 0.06 -0.86 -3.31 0.98 0.04 0.05 0.14 0.07 -0.62

BMHL -5.28 3.65 0.85 0.47 -0.98 -5.21 3.65 0.09 0.07 0.85 0.48 -0.96

BOBS -2.54 1.01 0.01 0.05 0.70 -2.54 1.02 0.17 0.04 0.17 0.06 0.03

BOMG -8.31 10.38 0.08 0.31 -0.79 -8.34 10.44 2.12 2.59 2.12 2.61 -0.00

BONI -3.29 1.78 0.03 0.05 0.55 -3.29 1.79 0.02 0.02 0.04 0.06 0.40

BOUL -1.68 0.93 0.06 0.09 0.11 -1.68 0.95 0.03 0.08 0.07 0.12 0.07

BROK -3.40 1.23 0.01 0.03 0.74 -3.40 1.24 1.46 1.79 1.46 1.79 0.00
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BSRY= -5.78 9.44 0.42 0.41 -0.91 -5.81 9.49 0.12 0.23 0.44 0.47 -0.76

BUFF -3.37 0.79 0.01 0.03 0.81 -3.38 0.79 0.06 0.13 0.06 0.13 0.02

BULL -2.94 1.65 0.04 0.05 0.50 -2.94 1.66 0.02 0.02 0.05 0.06 0.45

BUST -2.64 1.40 0.04 0.07 0.45 -2.63 1.42 0.01 0.01 0.04 0.07 0.42

CACT= -10.36 7.77 0.16 0.19 0.69 -10.40 7.81 0.02 0.03 0.16 0.19 0.67

CALL -3.12 0.55 0.01 0.05 0.75 -3.12 0.56 0.05 0.06 0.05 0.08 0.07

CARE@ -0.92 -0.24 0.01 0.04 0.85 -0.92 -0.23 0.10 0.15 0.10 0.15 0.02

CAST -0.10 -0.03 0.01 0.02 1.00 -0.09 -0.03 0.02 0.02 0.02 0.03 0.41

CCCC -7.28 9.48 0.09 0.09 0.31 -7.28 9.50 0.03 0.03 0.09 0.10 0.28

CDMT -4.39 5.22 0.34 1.21 0.99 -4.44 5.12 0.06 0.06 0.34 1.21 0.97

CEDA -2.63 -0.67 0.01 0.03 1.00 -2.62 -0.66 0.03 0.03 0.03 0.05 0.27

CERB -2.18 0.60 0.03 0.08 -0.93 -2.19 0.62 0.05 0.06 0.06 0.10 -0.35

CERR -5.88 4.75 0.05 0.03 0.96 -5.88 4.76 0.03 0.08 0.06 0.09 0.33

CHIR@ -1.38 0.32 0.07 0.03 -0.39 -1.40 0.34 0.09 0.06 0.12 0.07 -0.13

CHLO -2.84 1.65 0.05 0.06 0.41 -2.83 1.67 0.01 0.01 0.05 0.06 0.39

CHMS -11.00 14.07 0.30 0.06 -0.14 -11.03 14.06 0.16 0.17 0.34 0.18 -0.04

CHNA -2.86 0.25 0.01 0.04 0.74 -2.86 0.26 0.10 0.08 0.10 0.09 0.03

CJMS= -15.18 15.94 0.28 0.24 0.62 -15.19 15.91 0.06 0.06 0.28 0.24 0.59

CLAR= -22.09 20.31 0.08 0.18 -0.07 -22.09 20.28 0.09 0.14 0.12 0.23 -0.04

CLBD -27.07 26.37 0.09 0.19 0.59 -27.04 26.37 0.06 0.04 0.11 0.20 0.49

CLIF@ -1.38 0.44 0.07 0.01 -0.75 -1.40 0.45 0.04 0.07 0.08 0.08 -0.11

CLOV -2.65 -0.41 0.01 0.04 0.98 -2.65 -0.40 0.06 0.06 0.06 0.07 0.08

CNPP= -23.05 23.65 0.11 0.13 -0.78 -23.02 23.62 0.06 0.03 0.12 0.13 -0.68

COAL* -0.90 -0.21 0.01 0.02 -0.90 -0.91 -0.21 0.20 0.18 0.20 0.18 -0.00

COLD -3.12 0.87 0.01 0.03 0.73 -3.12 0.88 0.11 0.12 0.11 0.12 0.02

COON -1.85 -0.55 0.01 0.03 1.00 -1.84 -0.55 0.06 0.05 0.06 0.06 0.11

COSA -1.50 1.40 0.06 0.02 -0.72 -1.52 1.40 0.30 0.15 0.31 0.15 -0.02

COSJ -5.63 8.19 0.05 0.05 0.80 -5.62 8.20 0.12 0.06 0.13 0.08 0.20

COT1= -1.34 0.37 0.05 0.02 -0.98 -1.36 0.37 0.08 0.03 0.10 0.04 -0.24

COT2 -1.65 0.71 0.06 0.02 -0.98 -1.67 0.71 0.07 0.24 0.09 0.24 -0.04

COVE@ -2.72 -0.46 0.01 0.05 0.91 -2.72 -0.45 0.33 0.21 0.33 0.22 0.01

CPBN -6.42 11.77 0.25 0.19 -0.92 -6.42 11.79 0.06 0.04 0.26 0.20 -0.88

CRAM -2.83 1.47 0.03 0.05 0.38 -2.83 1.49 0.02 0.03 0.04 0.06 0.28

CRAT -2.61 1.44 0.04 0.07 0.46 -2.61 1.46 0.01 0.01 0.04 0.07 0.44

CRFP= -16.46 15.77 0.38 0.20 0.32 -16.41 15.77 0.16 0.16 0.41 0.26 0.23

CRND@ -1.03 0.50 0.12 0.03 -0.96 -1.03 0.49 0.09 0.22 0.15 0.22 -0.09

CRPL+ -3.11 0.85 0.01 0.04 0.73 -3.11 0.86 0.04 0.09 0.05 0.10 0.08

CRRS -13.28 17.32 0.12 0.05 0.69 -13.27 17.30 0.09 0.10 0.15 0.11 0.23
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CTMS -7.63 8.31 0.34 0.64 0.95 -7.61 8.40 0.08 0.03 0.35 0.64 0.93

CUTT* 0.07 -1.34 0.05 0.01 -0.97 0.05 -1.34 0.39 0.78 0.39 0.78 -0.00

CVHS= -23.92 22.00 0.08 0.15 -0.07 -23.91 21.98 0.32 0.08 0.33 0.17 -0.01

DCUT 0.02 -0.12 0.01 0.04 0.98 0.02 -0.12 0.09 0.10 0.10 0.11 0.04

DESC -26.93 25.06 0.11 0.18 -0.85 -26.91 25.07 0.24 0.18 0.27 0.25 -0.25

DETR -2.30 0.50 0.05 0.08 -0.16 -2.30 0.53 0.07 0.08 0.08 0.12 -0.07

DEVL -2.21 1.86 0.03 0.10 0.23 -2.21 1.88 0.02 0.03 0.04 0.11 0.19

DHLG= -11.72 8.36 0.12 0.20 0.52 -11.75 8.43 0.05 0.08 0.13 0.22 0.45

DINE -0.58 -0.72 0.01 0.03 -0.96 -0.58 -0.72 0.14 0.13 0.14 0.13 -0.02

DIRT@ -0.53 0.32 0.00 0.03 0.21 -0.53 0.32 0.06 0.11 0.06 0.11 0.00

DLUZ -26.08 25.78 0.14 0.22 0.91 -26.05 25.78 0.04 0.04 0.15 0.23 0.87

DRYC+ -2.84 1.11 0.01 0.04 0.70 -2.84 1.12 0.05 0.04 0.05 0.06 0.13

DSME= -27.09 26.13 0.03 0.14 0.41 -27.06 26.14 0.03 0.04 0.04 0.14 0.31

DSSC= -17.33 16.82 0.19 0.67 1.00 -17.30 16.89 0.10 0.08 0.22 0.68 0.88

DUNF -3.19 1.76 0.03 0.05 0.61 -3.19 1.77 0.04 0.06 0.05 0.08 0.22

DUST* -2.59 -0.02 0.06 0.02 -0.91 -2.61 -0.02 0.13 0.15 0.14 0.15 -0.06

DVLE= -21.69 21.27 0.28 0.41 0.95 -21.64 21.30 0.10 0.15 0.30 0.43 0.84

DVLW= -23.12 21.99 0.25 0.34 0.93 -23.07 22.01 0.03 0.09 0.25 0.35 0.89

DVPB -18.18 18.49 0.23 0.13 0.47 -18.20 18.47 0.03 0.04 0.23 0.13 0.44

EAGL -2.41 2.14 0.04 0.13 -0.02 -2.41 2.15 0.13 0.05 0.14 0.14 -0.01

ECFS= -24.48 24.45 0.17 0.14 0.49 -24.44 24.45 0.04 0.03 0.18 0.14 0.46

ECHO -2.49 0.05 0.02 0.06 1.00 -2.48 0.06 0.01 0.02 0.03 0.06 0.77

EGAN -3.48 -0.14 0.01 0.05 0.98 -3.47 -0.13 0.09 0.03 0.10 0.06 0.12

ELGI -2.74 0.56 0.02 0.08 0.56 -2.73 0.58 0.37 0.12 0.37 0.15 0.01

ELKO -3.40 -0.01 0.01 0.03 0.94 -3.40 -0.01 0.03 0.01 0.03 0.04 0.24

EOUT -0.59 -0.76 0.01 0.03 1.00 -0.59 -0.76 0.09 0.04 0.09 0.04 0.08

EPAS -3.50 2.12 0.02 0.03 0.75 -3.50 2.13 0.03 0.05 0.04 0.06 0.25

ESE2= -22.40 24.16 0.26 0.40 0.96 -22.36 24.19 0.56 0.81 0.62 0.90 0.18

ESRW= -23.83 22.17 0.27 0.34 0.93 -23.79 22.19 0.32 0.21 0.42 0.40 0.51

EWPP= -21.46 20.60 0.07 0.21 -0.55 -21.45 20.57 0.03 0.03 0.08 0.21 -0.51

EXIT* -0.75 0.03 0.05 0.02 -0.70 -0.77 0.04 0.12 0.15 0.13 0.16 -0.04

FERN -1.75 0.30 0.03 0.03 -0.81 -1.76 0.30 0.03 0.02 0.04 0.04 -0.48

FHOG -12.91 14.06 0.45 0.41 0.93 -12.89 14.07 0.25 0.38 0.52 0.56 0.60

FLAG -2.00 -0.49 0.03 0.04 -0.73 -2.01 -0.49 2.81 2.43 2.81 2.43 -0.00

FOOT -2.67 -0.24 0.02 0.05 1.00 -2.67 -0.23 0.02 0.01 0.02 0.05 0.68

FRED -1.01 -0.02 0.01 0.04 0.86 -1.01 -0.01 0.04 0.02 0.04 0.04 0.17

FSHB -20.08 21.06 0.11 0.20 -0.89 -20.07 21.02 0.19 0.27 0.22 0.33 -0.27

FST1 -6.05 6.50 0.03 0.02 -0.76 -6.06 6.50 0.42 0.60 0.42 0.60 -0.00
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FST5 -2.20 1.02 0.03 0.04 -0.72 -2.21 1.02 1.42 0.36 1.42 0.37 -0.00

FST6 -2.91 1.05 0.03 0.04 -0.72 -2.92 1.05 0.24 0.20 0.24 0.20 -0.02

FVPK= -26.04 27.85 0.06 0.10 -0.88 -26.02 27.84 0.04 0.36 0.07 0.37 -0.20

GABB -3.41 1.11 0.01 0.03 0.77 -3.41 1.12 0.02 0.02 0.02 0.03 0.36

GALE -2.02 0.93 0.05 0.09 0.27 -2.02 0.95 0.05 0.07 0.07 0.11 0.14

GARD -3.17 1.05 0.06 0.10 0.24 -3.17 1.07 0.00 0.00 0.06 0.10 0.24

GEMF -3.24 1.53 0.02 0.04 0.65 -3.25 1.54 0.07 0.15 0.07 0.16 0.05

GEND+ -2.59 0.79 0.01 0.05 0.71 -2.60 0.80 0.28 0.11 0.28 0.12 0.01

GEOR+ -3.07 0.50 0.02 0.04 0.73 -3.07 0.51 0.19 0.24 0.19 0.25 0.01

GLCA@ -0.88 -0.07 0.00 0.04 -0.56 -0.88 -0.07 0.14 0.10 0.14 0.11 -0.01

GLRS 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.52 0.60 0.52 0.60 1.00

GMPK= -3.21 1.76 0.13 0.05 -0.63 -3.27 1.74 0.05 0.06 0.14 0.08 -0.35

GMRC= -3.48 2.11 0.08 0.17 -0.95 -3.48 2.15 0.03 0.08 0.08 0.19 -0.81

GNPS= -2.40 1.76 0.09 0.05 -0.34 -2.40 1.77 0.04 0.10 0.10 0.12 -0.14

GOAT -1.52 0.52 0.02 0.07 0.17 -1.52 0.54 0.10 0.08 0.10 0.10 0.03

GOL2= -3.95 6.95 0.20 0.09 0.18 -3.93 6.97 0.03 0.05 0.20 0.10 0.16

GOLD= -3.97 7.01 0.20 0.09 0.20 -3.94 7.03 0.06 0.04 0.21 0.10 0.18

GOLM -3.14 0.75 0.01 0.03 0.77 -3.14 0.76 0.00 0.00 0.01 0.03 0.77

GOSH -2.79 -0.48 0.01 0.04 0.99 -2.78 -0.47 0.04 0.02 0.04 0.04 0.24

GOUT -2.03 0.44 0.01 0.04 0.98 -2.03 0.45 0.19 0.17 0.19 0.18 0.01

GSES@ -0.50 -0.07 0.01 0.03 0.71 -0.50 -0.06 0.09 0.15 0.09 0.16 0.01

GUNL+ -1.72 -0.30 0.02 0.07 0.51 -1.72 -0.29 0.12 0.20 0.13 0.21 0.02

HANN -3.50 1.89 0.02 0.04 0.66 -3.50 1.90 0.43 0.77 0.43 0.77 0.00

HARN* -1.47 -0.90 0.03 0.01 -0.76 -1.48 -0.90 0.32 0.22 0.33 0.22 -0.00

HARQ@ -2.12 0.43 0.11 0.06 -0.37 -2.16 0.43 0.10 0.08 0.15 0.10 -0.17

HCMN -5.19 6.08 0.48 1.04 0.99 -5.26 6.02 0.08 0.05 0.48 1.05 0.97

HELL -3.17 2.08 0.05 0.05 0.11 -3.17 2.09 0.03 0.05 0.06 0.07 0.07

HIGH -2.27 1.69 0.02 0.13 0.47 -2.27 1.71 0.10 0.06 0.11 0.14 0.10

HIKO+ -1.27 0.83 0.01 0.07 0.96 -1.27 0.84 0.17 0.22 0.17 0.23 0.02

HIVI -9.81 13.76 0.30 0.06 -0.88 -9.83 13.76 0.09 0.07 0.32 0.09 -0.58

HNPS= -6.03 2.34 0.14 0.36 -0.33 -6.04 2.38 0.05 0.04 0.15 0.36 -0.31

HNTS -2.47 0.23 0.02 0.04 0.73 -2.47 0.24 0.21 0.26 0.21 0.27 0.01

HOGN* -1.55 -0.98 0.03 0.01 -0.76 -1.56 -0.98 0.19 0.16 0.19 0.16 -0.01

HOME -2.35 1.36 0.04 0.13 -0.99 -2.36 1.39 0.07 0.06 0.09 0.14 -0.46

HUAL -1.74 0.46 0.03 0.08 -0.65 -1.74 0.48 0.03 0.21 0.04 0.23 -0.16

HURR -1.47 0.73 0.02 0.05 0.81 -1.46 0.74 0.04 0.05 0.04 0.07 0.20

HW50 -3.03 0.26 0.01 0.05 0.76 -3.03 0.28 0.06 0.04 0.06 0.06 0.08

HW56+ -2.53 0.41 0.01 0.06 0.69 -2.52 0.42 0.03 0.04 0.03 0.08 0.24
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HW62= -3.57 1.28 0.19 0.11 -0.85 -3.57 1.29 0.03 0.03 0.19 0.12 -0.81

HW95 -3.27 1.56 0.03 0.06 0.49 -3.26 1.58 0.04 0.04 0.05 0.07 0.25

HWUT -0.07 -0.35 0.01 0.03 1.00 -0.07 -0.35 0.10 0.05 0.10 0.05 0.05

HYDR* -2.87 0.15 0.08 0.03 -0.62 -2.90 0.15 0.10 0.14 0.13 0.14 -0.07

I40A -3.79 2.91 0.06 0.32 -0.77 -3.79 2.90 0.02 0.04 0.07 0.33 -0.72

IBEX -2.56 2.59 0.07 0.20 -0.30 -2.55 2.59 0.05 0.05 0.09 0.21 -0.24

ICKY -3.21 1.32 0.01 0.04 0.71 -3.21 1.33 0.21 0.14 0.21 0.15 0.01

ICOR -3.54 1.65 0.03 0.05 0.62 -3.54 1.66 0.03 0.10 0.04 0.11 0.16

IDOG -11.13 10.60 0.10 0.15 -0.28 -11.16 10.64 0.17 0.25 0.20 0.29 -0.07

IDQG -12.78 12.43 0.09 0.18 -0.37 -12.80 12.47 0.27 0.47 0.28 0.50 -0.04

IID2 -3.77 2.08 0.10 0.03 0.13 -3.85 2.05 0.13 0.04 0.17 0.05 0.04

IMPS= -4.12 1.36 0.28 0.14 -0.99 -4.09 1.37 0.02 0.04 0.28 0.14 -0.96

INKH+ -3.10 0.82 0.01 0.05 0.72 -3.10 0.84 0.05 0.07 0.05 0.09 0.09

IVAN+ -2.14 1.52 0.11 0.15 0.69 -2.15 1.53 0.08 0.14 0.13 0.21 0.40

JEAN@+ -2.02 1.22 0.08 0.12 0.46 -2.02 1.24 0.18 0.04 0.20 0.12 0.19

JERS -2.72 0.14 0.01 0.03 0.77 -2.72 0.14 0.11 0.12 0.11 0.12 0.01

JOHN -2.29 1.50 0.04 0.09 0.49 -2.28 1.52 0.01 0.02 0.04 0.10 0.45

JONE@ -1.74 0.10 0.02 0.07 0.56 -1.74 0.12 0.25 0.26 0.25 0.27 0.01

K047* -0.92 0.60 0.04 0.01 -0.92 -0.93 0.61 0.21 0.40 0.22 0.40 -0.00

KAYO -2.05 0.52 0.03 0.04 -0.78 -2.06 0.52 0.02 0.03 0.04 0.05 -0.48

KEMP@+ -2.37 0.73 0.05 0.09 -0.48 -2.37 0.75 0.07 0.10 0.09 0.13 -0.17

KIN1* -1.09 0.47 0.06 0.02 -0.99 -1.10 0.47 0.14 0.17 0.16 0.18 -0.05

KING= -2.24 0.76 0.03 0.07 -0.95 -2.25 0.78 0.11 0.10 0.12 0.12 -0.16

KITT -4.12 1.32 0.01 0.03 0.73 -4.12 1.32 7.31 9.30 7.31 9.30 0.00

KODA@ -0.96 0.07 0.01 0.04 0.47 -0.96 0.07 0.08 0.08 0.08 0.09 0.02

KYLE -3.95 1.22 0.01 0.03 0.74 -3.96 1.22 0.09 0.05 0.09 0.06 0.02

KYVW -8.96 6.95 0.15 0.09 0.74 -8.99 7.00 0.03 0.03 0.15 0.10 0.67

L404* -1.45 -0.51 0.00 0.02 0.54 -1.45 -0.51 0.46 0.35 0.46 0.35 0.00

LACR -3.13 0.04 0.01 0.04 0.94 -3.13 0.05 0.04 0.04 0.04 0.06 0.09

LAKE* -1.83 0.43 0.07 0.03 -0.67 -1.85 0.43 0.18 0.31 0.20 0.31 -0.02

LDES -6.16 7.69 0.39 1.00 0.99 -6.13 7.81 0.09 0.04 0.40 1.00 0.96

LDSW -4.25 4.05 0.18 1.16 0.98 -4.27 3.95 0.10 0.23 0.21 1.18 0.85

LGWD -26.19 26.53 0.10 0.06 0.42 -26.17 26.52 0.03 0.05 0.11 0.08 0.29

LICE -2.57 1.33 0.03 0.06 0.24 -2.56 1.35 0.03 0.05 0.05 0.08 0.14

LINN* -1.95 -0.03 0.07 0.03 -0.85 -1.97 -0.03 0.15 0.17 0.16 0.17 -0.05

LITT -2.49 1.26 0.04 0.07 0.51 -2.48 1.27 0.01 0.01 0.04 0.08 0.47

LL01 -15.13 16.76 0.26 0.11 0.42 -15.15 16.74 0.03 0.04 0.27 0.12 0.39

LLAS -12.59 15.25 0.29 0.08 0.16 -12.62 15.24 0.08 0.05 0.30 0.09 0.13
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LMUT -2.27 -0.46 0.01 0.03 1.00 -2.26 -0.45 0.14 0.03 0.14 0.04 0.07

LNMT= -4.78 8.32 0.15 0.21 0.28 -4.78 8.37 0.09 0.03 0.17 0.21 0.24

LORS= -22.45 20.84 0.10 0.18 0.10 -22.45 20.81 0.05 0.02 0.11 0.18 0.09

LPCG -15.65 16.37 0.26 0.11 0.84 -15.64 16.36 0.27 0.14 0.37 0.18 0.37

LPHS 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00

LTUT -1.12 -1.75 0.01 0.03 1.00 -1.12 -1.75 0.11 0.85 0.11 0.85 0.00

LUND@ -2.39 0.27 0.01 0.06 0.81 -2.38 0.28 0.10 0.09 0.10 0.11 0.06

M430* -0.72 0.14 0.06 0.02 -0.97 -0.74 0.14 0.21 0.25 0.22 0.25 -0.02

M477* -2.64 0.95 0.09 0.04 -0.51 -2.67 0.95 0.15 0.09 0.18 0.10 -0.10

M503* -0.65 -0.82 0.03 0.01 -0.86 -0.66 -0.82 0.11 0.09 0.11 0.09 -0.01

MALP@ -2.17 0.49 0.06 0.06 -0.38 -2.19 0.49 0.08 0.12 0.10 0.13 -0.10

MAMM* 0.00 0.85 0.06 0.02 -0.99 -0.01 0.85 0.10 0.03 0.11 0.04 -0.23

MANH -3.01 0.74 0.02 0.03 0.71 -3.01 0.75 0.06 0.09 0.06 0.10 0.07

MARB@ -1.09 0.03 0.01 0.04 -0.99 -1.09 0.03 0.08 0.14 0.08 0.14 -0.04

MCKI -3.92 0.99 0.01 0.02 0.77 -3.92 1.00 0.13 0.10 0.13 0.10 0.01

MCOY -3.32 0.38 0.01 0.03 0.78 -3.32 0.39 0.11 0.14 0.11 0.14 0.01

MDO1 -0.76 -0.02 0.02 0.00 -0.62 -0.77 -0.02 0.08 0.08 0.08 0.08 -0.01

MEAD+ -2.08 0.41 0.03 0.08 -0.27 -2.08 0.42 0.05 0.20 0.06 0.21 -0.05

MERC -2.24 1.27 0.03 0.08 0.69 -2.24 1.28 0.01 0.02 0.04 0.09 0.62

MESQ+ -1.84 2.10 0.11 0.21 0.89 -1.85 2.12 0.07 0.05 0.12 0.22 0.74

MFP0 -0.19 -0.89 0.00 0.01 -0.90 -0.19 -0.89 0.07 0.11 0.07 0.11 -0.00

MFTC -0.31 -0.93 0.00 0.01 -0.93 -0.31 -0.93 0.07 0.09 0.07 0.09 -0.00

MFTN -0.25 -0.89 0.00 0.01 -0.92 -0.25 -0.89 0.07 0.11 0.07 0.11 -0.00

MFTS -0.06 -0.52 0.00 0.01 -0.76 -0.06 -0.52 0.12 0.06 0.12 0.06 -0.00

MFTW -0.31 -0.63 0.00 0.01 -0.94 -0.31 -0.62 0.08 0.07 0.08 0.07 -0.00

MILF+ -2.26 0.14 0.01 0.06 0.89 -2.25 0.15 0.04 0.07 0.04 0.09 0.17

MILR -3.07 1.26 0.02 0.04 0.69 -3.07 1.27 0.08 0.05 0.08 0.07 0.09

MINE -2.72 -0.14 0.01 0.04 0.90 -2.72 -0.13 0.06 0.06 0.06 0.07 0.07

MISE+ -2.29 0.64 0.01 0.07 0.74 -2.29 0.66 0.08 0.22 0.08 0.23 0.04

MJPK= -25.12 24.81 0.14 0.11 -0.14 -25.08 24.80 0.21 0.05 0.25 0.12 -0.07

MLFP= -21.71 21.77 0.24 0.14 -0.12 -21.68 21.76 0.03 0.02 0.24 0.14 -0.12

MOIL -2.91 -0.11 0.01 0.04 0.96 -2.90 -0.10 0.05 0.04 0.05 0.06 0.10

MONI -2.91 0.35 0.01 0.04 0.85 -2.92 0.36 0.02 0.02 0.02 0.04 0.46

MONP -26.83 25.16 0.12 0.09 -0.38 -26.82 25.17 0.06 0.17 0.14 0.19 -0.16

MONT -3.62 0.94 0.02 0.03 0.71 -3.62 0.95 0.11 0.14 0.12 0.14 0.03

MOUN -2.34 0.29 0.01 0.03 0.82 -2.34 0.29 0.08 0.10 0.08 0.10 0.02

MPUT -0.89 -0.16 0.01 0.03 1.00 -0.89 -0.16 0.29 0.10 0.29 0.10 0.01

MRDM -22.72 20.60 0.12 0.07 0.60 -22.71 20.59 0.06 0.11 0.13 0.13 0.30
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MSOB= -14.05 13.40 0.12 0.28 0.09 -14.05 13.37 0.04 0.14 0.13 0.31 0.08

MUDD+ -1.81 0.72 0.04 0.08 0.32 -1.81 0.74 0.04 0.03 0.05 0.09 0.22

MVFD= -24.72 22.52 0.15 0.18 -0.64 -24.71 22.54 0.03 0.04 0.15 0.19 -0.62

NAIU -1.32 -0.73 0.01 0.03 1.00 -1.32 -0.73 0.17 0.05 0.17 0.06 0.03

NAVA@ -0.49 -0.36 0.01 0.03 -0.96 -0.49 -0.36 0.06 0.05 0.06 0.06 -0.08

NDAP -3.26 0.05 0.07 0.11 -0.17 -3.26 0.08 0.14 0.35 0.16 0.36 -0.02

NELS -2.31 0.96 0.07 0.10 -0.06 -2.32 0.98 0.04 0.06 0.08 0.11 -0.05

NEVA -2.51 1.38 0.03 0.07 0.28 -2.50 1.40 0.02 0.05 0.04 0.09 0.17

NEWS -3.34 0.44 0.01 0.03 0.78 -3.35 0.45 0.03 0.02 0.03 0.04 0.17

NMDE -0.69 0.24 0.05 0.01 -0.24 -0.71 0.23 0.06 0.14 0.08 0.14 -0.01

NMGR -0.72 0.19 0.03 0.00 -0.71 -0.72 0.19 0.09 0.09 0.10 0.09 -0.01

NN18* -1.08 0.20 0.05 0.02 -0.98 -1.09 0.20 0.11 0.19 0.12 0.19 -0.04

NN73* -1.22 0.54 0.06 0.02 -0.99 -1.23 0.54 0.14 0.27 0.15 0.28 -0.03

NN84* -1.54 1.01 0.05 0.02 -0.95 -1.56 1.01 0.69 0.40 0.69 0.40 -0.00

NOCO -22.40 3.80 0.11 0.02 -0.87 -22.37 3.79 0.38 0.46 0.40 0.46 -0.01

NOPE= -2.35 1.87 0.04 0.18 0.86 -2.35 1.87 0.04 0.06 0.06 0.19 0.52

NPAS -2.85 0.47 0.01 0.03 0.75 -2.85 0.47 0.10 0.19 0.10 0.20 0.01

NSSS= -27.54 26.63 0.08 0.09 -0.17 -27.50 26.62 0.07 0.12 0.11 0.15 -0.07

NVPO -2.61 2.16 0.07 0.14 0.77 -2.61 2.18 0.09 0.17 0.11 0.23 0.32

NVSV -2.34 0.12 0.01 0.06 0.98 -2.33 0.14 0.35 0.09 0.35 0.11 0.02

NYOR -2.17 1.47 0.11 0.12 0.20 -2.18 1.49 0.05 0.04 0.13 0.13 0.17

OAES -5.28 4.20 0.52 0.40 -0.95 -5.26 4.22 0.43 0.18 0.68 0.44 -0.67

OASI -2.51 1.97 0.03 0.06 0.42 -2.51 1.99 0.07 0.03 0.07 0.07 0.15

OCSD -26.74 26.42 0.11 0.20 0.75 -26.71 26.42 0.07 0.10 0.13 0.22 0.55

OEOC -25.71 25.34 0.09 0.11 -0.79 -25.68 25.32 0.08 0.10 0.12 0.15 -0.43

OGHS -26.72 25.52 0.04 0.17 0.15 -26.69 25.52 0.06 0.05 0.07 0.17 0.08

OLNC -6.50 7.86 0.04 0.05 0.90 -6.49 7.87 0.10 0.07 0.10 0.09 0.22

OPBL -4.63 2.80 1.00 0.47 -1.00 -4.53 2.79 0.07 0.07 1.01 0.47 -0.98

OPCL -5.19 6.81 0.71 0.15 -0.86 -5.14 6.86 0.16 0.09 0.73 0.17 -0.72

OPCP -3.82 4.21 1.08 0.44 -0.99 -3.72 4.21 0.18 0.03 1.10 0.44 -0.97

OPCX -3.66 3.99 0.97 0.45 -0.99 -3.56 3.99 0.21 0.07 1.00 0.45 -0.96

OPRD -5.23 6.31 0.28 0.50 -1.00 -5.22 6.32 0.04 0.08 0.28 0.50 -0.97

ORMT -6.41 8.84 1.30 0.48 -0.99 -6.53 8.90 0.06 0.04 1.30 0.48 -0.98

P001= -2.08 0.59 0.10 0.04 -0.92 -2.10 0.60 0.09 0.06 0.13 0.07 -0.40

P002 -3.08 0.56 0.01 0.04 0.73 -3.08 0.57 0.03 0.04 0.03 0.06 0.17

P003= -3.03 0.72 0.15 0.06 0.08 -3.07 0.73 0.06 0.06 0.16 0.09 0.05

P004 -2.51 -0.07 0.04 0.04 -0.60 -2.53 -0.07 0.19 0.09 0.20 0.09 -0.06

P005 -2.79 -0.05 0.01 0.04 0.97 -2.79 -0.04 0.04 0.05 0.04 0.06 0.16
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P006 -1.69 1.37 0.04 0.08 -0.08 -1.69 1.39 0.03 0.06 0.05 0.10 -0.05

P007 -2.65 -0.36 0.01 0.04 0.99 -2.65 -0.35 0.05 0.05 0.05 0.06 0.07

P008 -0.96 -0.15 0.02 0.03 -0.90 -0.96 -0.15 0.04 0.06 0.05 0.07 -0.12

P009 -1.50 -0.10 0.01 0.04 0.94 -1.49 -0.10 0.13 0.11 0.13 0.12 0.03

P010= -2.62 0.56 0.05 0.08 -0.20 -2.63 0.57 0.04 0.06 0.07 0.10 -0.12

P011 -0.88 -0.17 0.02 0.01 -0.84 -0.89 -0.17 0.04 0.04 0.05 0.04 -0.10

P012 -0.44 -0.30 0.00 0.02 0.23 -0.44 -0.29 0.04 0.04 0.04 0.05 0.00

P013 -2.64 0.51 0.00 0.03 0.71 -2.64 0.52 0.05 0.04 0.05 0.05 0.04

P014= -1.06 0.41 0.08 0.03 -0.98 -1.07 0.41 0.06 0.07 0.10 0.08 -0.30

P015 -1.27 -0.07 0.04 0.01 -0.87 -1.28 -0.07 0.04 0.04 0.06 0.04 -0.16

P016 -2.27 -0.28 0.01 0.04 0.99 -2.27 -0.27 0.03 0.05 0.04 0.06 0.19

P026 -0.73 -0.22 0.03 0.01 -0.17 -0.74 -0.22 0.10 0.28 0.10 0.28 -0.00

P027 -0.47 0.18 0.04 0.01 -0.09 -0.48 0.18 0.05 0.06 0.06 0.06 -0.01

P028 -0.61 -0.11 0.02 0.01 -0.77 -0.61 -0.11 0.05 0.04 0.05 0.04 -0.04

P030 0.15 -0.39 0.01 0.03 1.00 0.16 -0.38 0.08 0.04 0.08 0.04 0.06

P032 0.13 -0.38 0.01 0.02 0.98 0.13 -0.38 0.04 0.06 0.04 0.07 0.03

P034 -0.44 -0.08 0.02 0.00 -0.52 -0.44 -0.08 0.03 0.04 0.04 0.04 -0.03

P035 -0.52 0.10 0.02 0.00 -0.29 -0.53 0.09 0.04 0.03 0.04 0.03 -0.02

P036 -0.40 -0.30 0.02 0.00 -0.42 -0.40 -0.30 0.05 0.09 0.06 0.09 -0.01

P037 -0.16 -0.37 0.00 0.01 -0.84 -0.16 -0.37 0.03 0.02 0.03 0.02 -0.03

P038 -0.47 -0.20 0.02 0.00 -0.14 -0.48 -0.20 0.04 0.03 0.04 0.03 -0.01

P039 -0.29 0.02 0.01 0.00 -0.20 -0.29 0.02 0.04 0.03 0.04 0.03 -0.01

P041 -0.18 -0.47 0.00 0.01 0.78 -0.18 -0.47 0.04 0.03 0.04 0.03 0.01

P044 -0.04 -0.36 0.00 0.01 -0.75 -0.04 -0.36 0.04 0.03 0.04 0.03 -0.01

P057 -1.73 -0.83 0.01 0.03 1.00 -1.73 -0.83 0.08 0.05 0.08 0.06 0.05

P066 -27.24 26.02 0.13 0.10 -0.90 -27.21 26.01 0.22 0.04 0.26 0.11 -0.43

P068 -3.58 1.33 0.01 0.03 0.70 -3.58 1.34 0.03 0.04 0.03 0.05 0.14

P069 -3.29 0.81 0.01 0.04 0.70 -3.29 0.82 0.04 0.03 0.04 0.05 0.13

P070 -0.38 -0.01 0.02 0.00 -0.14 -0.39 -0.02 0.04 0.10 0.04 0.10 -0.00

P071 -3.17 0.65 0.01 0.04 0.70 -3.17 0.66 0.06 0.04 0.06 0.06 0.07

P072 -2.92 0.36 0.01 0.04 0.81 -2.92 0.37 0.03 0.03 0.03 0.05 0.18

P073 -2.91 0.34 0.01 0.05 0.82 -2.91 0.35 0.03 0.03 0.03 0.06 0.18

P074 -2.84 0.25 0.01 0.05 0.89 -2.84 0.27 0.04 0.04 0.04 0.06 0.15

P075 -2.89 0.05 0.01 0.05 0.91 -2.89 0.06 0.05 0.09 0.05 0.10 0.09

P076 -2.77 -0.01 0.01 0.05 0.96 -2.77 -0.00 0.04 0.04 0.04 0.06 0.17

P077 -3.05 0.09 0.01 0.06 0.97 -3.05 0.10 0.10 0.03 0.10 0.07 0.07

P078 -4.18 1.24 0.01 0.03 0.66 -4.18 1.25 0.04 0.04 0.04 0.06 0.06

P079 -2.31 0.38 0.01 0.06 0.99 -2.31 0.39 0.14 0.06 0.14 0.08 0.05
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P080 -2.67 -0.01 0.01 0.05 0.99 -2.66 0.00 0.09 0.07 0.09 0.09 0.08

P081 -2.67 0.00 0.01 0.05 0.99 -2.67 0.01 0.04 0.03 0.04 0.06 0.26

P082 -2.51 -0.16 0.01 0.05 0.99 -2.50 -0.15 0.03 0.03 0.03 0.06 0.36

P083 -3.32 0.80 0.01 0.04 0.69 -3.32 0.81 0.05 0.08 0.05 0.09 0.04

P084 -2.56 -0.56 0.01 0.04 1.00 -2.56 -0.55 0.04 0.04 0.04 0.06 0.18

P085 -2.96 -0.05 0.01 0.04 0.81 -2.96 -0.04 0.03 0.05 0.03 0.06 0.09

P086 -1.63 -0.21 0.01 0.03 1.00 -1.62 -0.21 0.07 0.26 0.07 0.26 0.02

P087 -2.90 0.29 0.01 0.04 0.87 -2.90 0.30 0.04 0.06 0.04 0.08 0.07

P088 -0.27 -0.39 0.01 0.03 0.99 -0.27 -0.38 0.09 0.07 0.10 0.08 0.04

P091 -4.37 3.88 0.04 0.05 0.77 -4.37 3.89 0.07 0.05 0.08 0.07 0.26

P092 -3.89 3.20 0.04 0.05 0.63 -3.89 3.21 0.04 0.05 0.05 0.07 0.29

P093 -6.25 5.81 0.04 0.04 0.97 -6.25 5.82 0.09 0.10 0.10 0.11 0.13

P094 -4.31 2.92 0.03 0.04 0.75 -4.30 2.93 0.06 0.03 0.06 0.05 0.27

P100 -2.70 -0.64 0.01 0.04 1.00 -2.69 -0.63 0.06 0.17 0.06 0.17 0.03

P101 -0.10 -0.35 0.01 0.03 1.00 -0.10 -0.35 0.05 0.06 0.05 0.06 0.09

P102 -3.05 0.22 0.01 0.05 0.95 -3.05 0.23 0.05 0.06 0.06 0.07 0.09

P103 -2.44 -0.16 0.01 0.05 0.97 -2.44 -0.15 0.03 0.04 0.03 0.06 0.28

P104 -2.16 -0.01 0.01 0.04 0.97 -2.16 0.00 0.03 0.04 0.03 0.06 0.26

P106 -2.28 -0.36 0.01 0.04 0.98 -2.28 -0.35 0.05 0.06 0.05 0.07 0.12

P107 -0.92 -0.09 0.03 0.00 -0.72 -0.93 -0.09 0.05 0.06 0.06 0.06 -0.03

P108 -1.53 -0.09 0.01 0.04 0.99 -1.52 -0.08 0.06 0.03 0.06 0.05 0.14

P109 -1.09 -0.08 0.01 0.04 0.97 -1.09 -0.07 0.37 0.07 0.37 0.08 0.01

P110 -1.04 2.90 0.01 0.03 0.99 -1.03 2.90 0.30 1.18 0.30 1.18 0.00

P111 -2.45 -0.74 0.01 0.03 1.00 -2.45 -0.73 0.05 0.04 0.05 0.05 0.11

P112 -0.43 -0.12 0.01 0.03 0.98 -0.42 -0.12 0.04 0.04 0.04 0.05 0.17

P113 -2.68 -0.57 0.01 0.04 1.00 -2.67 -0.56 0.05 0.03 0.05 0.05 0.17

P114 -2.24 -0.70 0.01 0.04 1.00 -2.24 -0.69 0.05 0.05 0.05 0.06 0.13

P115 -2.19 -0.66 0.01 0.04 0.99 -2.19 -0.65 0.06 0.07 0.07 0.08 0.07

P116 -1.89 -0.60 0.01 0.04 0.99 -1.88 -0.59 0.04 0.05 0.04 0.06 0.16

P117 -2.08 -0.85 0.01 0.03 0.99 -2.08 -0.84 0.13 0.10 0.13 0.11 0.03

P118 -0.25 -0.23 0.01 0.03 0.99 -0.24 -0.22 0.04 0.04 0.04 0.05 0.15

P119 -0.23 -0.18 0.01 0.03 1.00 -0.23 -0.18 0.10 0.07 0.10 0.07 0.04

P120 -0.57 0.02 0.03 0.00 -0.12 -0.57 0.02 0.06 0.06 0.06 0.06 -0.00

P121 -2.12 -0.94 0.01 0.03 1.00 -2.12 -0.93 0.05 0.05 0.05 0.06 0.08

P122 -1.37 -1.02 0.01 0.03 1.00 -1.36 -1.02 0.06 0.05 0.06 0.06 0.07

P123 -0.61 -0.25 0.01 0.00 -0.62 -0.62 -0.26 0.06 0.04 0.06 0.04 -0.02

P124 -0.75 -0.35 0.01 0.03 0.99 -0.75 -0.34 0.17 0.48 0.17 0.48 0.00

P125 -1.42 -0.93 0.01 0.03 0.99 -1.42 -0.92 0.33 0.11 0.33 0.12 0.01
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P126 0.28 -0.72 0.01 0.03 0.99 0.28 -0.72 0.43 0.09 0.43 0.09 0.01

P463 -4.16 4.95 0.06 0.06 0.54 -4.15 4.97 0.05 0.04 0.08 0.07 0.37

P464 -5.17 5.47 0.06 0.05 0.86 -5.16 5.48 0.04 0.06 0.07 0.08 0.42

P466 -5.66 5.10 0.04 0.05 0.94 -5.66 5.11 0.05 0.07 0.06 0.08 0.32

P469 -4.86 3.78 0.03 0.04 0.84 -4.86 3.79 0.06 0.04 0.06 0.06 0.25

P470= -11.20 13.73 0.53 0.12 0.71 -11.23 13.72 0.04 0.06 0.53 0.13 0.63

P471= -25.20 25.49 0.13 0.11 0.60 -25.17 25.48 0.04 0.07 0.14 0.13 0.49

P472= -27.37 26.01 0.05 0.14 -0.54 -27.34 26.01 0.03 0.07 0.05 0.15 -0.42

P473= -27.61 26.24 0.08 0.12 -0.76 -27.57 26.24 0.04 0.04 0.09 0.13 -0.65

P474= -26.04 25.08 0.10 0.20 0.87 -26.00 25.08 0.02 0.04 0.10 0.20 0.84

P475= -28.56 27.75 0.10 0.13 -0.33 -28.53 27.75 0.05 0.03 0.11 0.13 -0.29

P476= -25.50 24.35 0.13 0.24 0.92 -25.46 24.35 0.04 0.04 0.14 0.24 0.86

P477= -23.86 23.98 0.16 0.29 0.95 -23.83 23.99 0.08 0.08 0.18 0.30 0.82

P478 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.69 0.83 0.69 0.83 1.00

P479 -23.30 21.30 0.08 0.42 0.97 -23.27 21.32 0.42 0.05 0.42 0.42 0.18

P480= -26.21 24.00 0.12 0.11 -0.76 -26.20 24.02 0.05 0.04 0.12 0.11 -0.67

P481 -24.40 23.35 0.05 0.13 0.76 -24.41 23.37 0.08 0.33 0.09 0.35 0.16

P482= -25.12 23.48 0.08 0.24 -0.70 -25.09 23.51 0.05 0.04 0.09 0.24 -0.58

P483= -26.26 24.56 0.11 0.16 -0.76 -26.24 24.58 0.07 0.03 0.13 0.16 -0.63

P484= -23.63 21.47 0.06 0.32 -0.67 -23.61 21.50 0.07 0.04 0.10 0.32 -0.44

P485= -24.48 22.08 0.08 0.22 -0.76 -24.44 22.10 0.05 0.09 0.09 0.24 -0.60

P486= -22.64 20.76 0.16 0.15 -0.79 -22.61 20.79 0.05 0.04 0.17 0.15 -0.73

P487= -21.12 19.10 0.07 0.12 -0.46 -21.07 19.13 0.07 0.05 0.10 0.13 -0.30

P488= -19.40 17.24 0.07 0.08 -0.21 -19.35 17.26 0.07 0.11 0.10 0.13 -0.09

P489= -17.02 14.78 0.08 0.09 -0.42 -16.98 14.80 0.08 0.07 0.12 0.11 -0.23

P490= -17.72 15.91 0.07 0.34 -0.80 -17.70 15.94 0.10 0.18 0.12 0.39 -0.41

P491= -15.09 13.52 0.12 0.16 -0.73 -15.10 13.55 0.04 0.06 0.13 0.17 -0.64

P492 -23.24 22.52 0.10 0.10 0.38 -23.24 22.54 0.15 0.37 0.18 0.39 0.06

P493 -20.84 20.35 0.13 0.20 -0.87 -20.82 20.32 0.25 0.30 0.28 0.36 -0.23

P494 -21.84 24.39 0.05 0.09 -0.54 -21.86 24.41 0.70 0.73 0.70 0.74 -0.01

P495 -12.08 14.20 0.05 0.17 -0.20 -12.07 14.15 0.84 0.49 0.84 0.52 -0.00

P496 -21.58 25.04 0.08 0.29 -0.96 -21.58 25.01 0.88 1.05 0.88 1.09 -0.02

P497 -15.04 20.91 0.05 0.28 -0.84 -15.03 20.85 0.30 0.76 0.31 0.81 -0.05

P498 -12.82 19.86 0.05 0.21 -0.36 -12.82 19.81 0.18 0.72 0.19 0.75 -0.02

P499 -1.92 2.83 0.06 0.23 -0.14 -1.93 2.77 0.94 0.85 0.94 0.88 -0.00

P500 -4.48 7.39 0.12 0.20 -0.73 -4.53 7.31 0.21 0.50 0.25 0.54 -0.13

P501 -2.69 4.74 0.06 0.18 0.05 -2.70 4.69 0.11 0.34 0.13 0.38 0.01

P502 -2.64 2.59 0.07 0.22 -0.16 -2.67 2.56 0.66 0.44 0.66 0.49 -0.01
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P503 -18.01 18.74 0.11 0.28 -0.98 -18.00 18.68 0.47 0.28 0.48 0.40 -0.15

P504= -8.60 4.74 0.09 0.28 -0.24 -8.63 4.81 0.09 0.04 0.12 0.29 -0.16

P505 -5.62 3.93 0.08 0.32 -0.80 -5.66 4.00 0.11 0.10 0.14 0.33 -0.48

P506 -6.76 -0.01 0.08 0.25 -0.56 -6.79 -0.03 0.75 1.24 0.75 1.27 -0.01

P507 -9.75 -2.49 0.08 0.22 -0.54 -9.79 -2.47 0.16 0.27 0.18 0.35 -0.15

P508 -4.73 2.08 0.13 0.19 -0.66 -4.80 2.11 0.07 0.10 0.15 0.21 -0.51

P509 -1.68 2.59 0.08 0.21 -0.22 -1.71 2.55 0.23 0.16 0.25 0.26 -0.06

P510 -3.63 1.58 0.12 0.22 -0.67 -3.70 1.57 0.07 0.10 0.14 0.24 -0.53

P511= -4.60 1.68 0.22 0.26 -0.97 -4.60 1.69 0.04 0.04 0.23 0.26 -0.95

P574= -18.99 17.56 0.22 0.09 0.83 -18.98 17.55 0.23 0.39 0.32 0.40 0.13

P575= -20.35 20.20 0.15 0.10 0.77 -20.34 20.18 0.34 0.19 0.38 0.22 0.15

P577= -13.44 14.48 0.30 0.19 0.76 -13.45 14.46 0.06 0.06 0.30 0.20 0.71

P580= -5.27 7.51 0.07 0.08 0.96 -5.25 7.54 0.05 0.06 0.09 0.10 0.64

P581 -12.94 15.66 0.33 0.05 0.52 -12.95 15.65 0.05 0.06 0.34 0.08 0.34

P582= -10.78 14.68 0.48 0.07 -0.97 -10.79 14.68 0.26 0.33 0.55 0.34 -0.17

P583 -6.74 11.98 0.32 0.20 -0.96 -6.76 12.00 0.03 0.03 0.32 0.20 -0.94

P584= -16.82 16.83 0.46 0.50 0.97 -16.78 16.86 0.06 0.04 0.46 0.50 0.95

P585= -11.43 11.42 0.36 1.13 0.99 -11.42 11.46 0.08 0.07 0.37 1.14 0.97

P586= -9.61 12.51 0.73 0.06 -0.04 -9.64 12.51 0.05 0.07 0.73 0.09 -0.03

P588= -7.22 11.40 0.66 0.28 -0.99 -7.26 11.42 0.04 0.05 0.66 0.29 -0.98

P589= -7.74 11.05 1.02 0.22 -0.99 -7.80 11.07 0.04 0.04 1.02 0.22 -0.97

P590= -5.76 10.76 0.23 0.24 -0.89 -5.76 10.79 0.06 0.04 0.23 0.25 -0.86

P592= -5.12 9.91 0.13 0.20 -0.69 -5.12 9.94 0.05 0.04 0.14 0.21 -0.62

P593= -4.52 8.92 0.07 0.13 0.41 -4.51 8.95 0.04 0.04 0.08 0.14 0.34

P594 -5.77 6.61 0.07 0.05 0.97 -5.76 6.62 0.07 0.05 0.10 0.07 0.53

P595 -6.12 7.82 0.07 0.08 0.87 -6.11 7.84 0.04 0.04 0.08 0.09 0.70

P596 -3.76 4.06 0.07 0.09 -0.05 -3.75 4.08 0.03 0.05 0.08 0.11 -0.04

P597= -4.07 5.49 0.09 0.10 -0.11 -4.06 5.51 0.03 0.05 0.10 0.11 -0.09

P598= -10.60 10.87 0.52 1.05 0.98 -10.59 10.90 0.07 0.06 0.53 1.05 0.97

P599 -8.67 9.04 0.44 1.49 1.00 -8.67 9.10 0.04 0.05 0.44 1.49 1.00

P600= -10.22 8.56 0.11 0.12 0.10 -10.24 8.61 0.04 0.04 0.12 0.12 0.09

P601 -7.60 5.75 0.19 0.22 -0.72 -7.62 5.79 0.07 0.07 0.20 0.23 -0.64

P603 -3.79 3.87 0.06 0.61 -0.50 -3.79 3.88 0.03 0.07 0.07 0.62 -0.43

P604 -4.36 6.96 0.17 0.19 0.87 -4.37 7.00 0.04 0.06 0.17 0.20 0.80

P605 -20.44 19.63 0.19 0.05 0.74 -20.43 19.62 0.06 0.08 0.20 0.10 0.37

P606= -7.99 10.02 1.10 0.25 -0.90 -8.03 10.03 0.03 0.05 1.10 0.25 -0.88

P607= -6.92 3.95 0.12 0.33 -0.71 -6.94 4.01 0.06 0.08 0.13 0.34 -0.62

P608= -5.49 2.53 0.35 0.42 -0.98 -5.49 2.56 0.04 0.05 0.35 0.42 -0.97
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P609= -12.89 13.64 0.55 0.54 0.95 -12.85 13.66 0.16 0.15 0.58 0.56 0.88

P610 -4.52 2.58 0.78 0.26 -0.96 -4.46 2.61 0.04 0.04 0.78 0.27 -0.94

P611= -2.62 2.25 0.24 0.25 0.79 -2.65 2.27 0.04 0.05 0.24 0.25 0.77

P612= -16.21 16.11 0.08 0.17 0.15 -16.20 16.09 0.08 0.11 0.12 0.21 0.09

P613 -11.32 16.09 0.13 0.12 -0.16 -11.31 16.08 0.70 0.99 0.71 0.99 -0.00

P614= -3.30 1.45 0.14 0.15 0.12 -3.30 1.50 0.05 0.05 0.15 0.15 0.11

P615= -3.98 7.11 0.15 0.14 -0.24 -3.96 7.13 0.03 0.05 0.15 0.15 -0.22

P616 -7.51 10.36 0.10 0.12 -0.73 -7.51 10.38 0.04 0.04 0.11 0.13 -0.64

P617= -3.21 5.03 0.14 0.35 -0.66 -3.19 5.04 0.03 0.04 0.14 0.35 -0.64

P618 -2.90 3.42 0.25 0.70 1.00 -2.92 3.40 0.02 0.05 0.25 0.70 0.99

P619= -2.41 2.82 0.07 0.37 1.00 -2.41 2.83 0.04 0.04 0.08 0.37 0.89

P620= -2.45 2.36 0.03 0.24 0.95 -2.44 2.37 0.03 0.06 0.05 0.25 0.65

P621= -2.38 1.91 0.16 0.20 0.80 -2.40 1.93 0.04 0.08 0.17 0.21 0.71

P622= -2.69 1.65 0.15 0.13 0.11 -2.71 1.68 0.04 0.03 0.16 0.14 0.10

P623= -3.36 1.12 0.15 0.06 -0.55 -3.36 1.13 0.03 0.03 0.15 0.07 -0.48

P625= -2.90 1.24 0.07 0.14 -0.15 -2.90 1.28 0.04 0.04 0.08 0.15 -0.12

P626= -2.50 1.47 0.13 0.12 0.10 -2.52 1.50 0.07 0.04 0.15 0.13 0.08

P728 -0.12 -0.34 0.00 0.01 -0.93 -0.12 -0.33 0.08 0.09 0.08 0.09 -0.00

P740= -18.24 16.76 0.05 0.50 0.80 -18.23 16.79 0.22 0.13 0.23 0.52 0.17

P741= -18.17 16.66 0.04 0.44 -0.09 -18.16 16.68 0.09 0.20 0.09 0.48 -0.03

P742= -21.34 19.54 0.04 0.43 0.59 -21.32 19.56 0.16 0.08 0.16 0.43 0.13

P744 -10.91 19.24 0.07 0.45 -0.91 -10.90 19.15 0.42 0.70 0.42 0.83 -0.08

P795 -4.54 4.57 0.68 0.58 -0.99 -4.52 4.60 0.05 0.05 0.68 0.59 -0.99

P796 -2.91 1.94 0.39 0.05 -0.30 -2.93 1.94 0.14 0.07 0.41 0.09 -0.17

P797 -20.20 18.22 0.04 0.46 0.83 -20.18 18.25 0.06 0.12 0.07 0.47 0.48

PACT -3.15 2.01 0.02 0.02 0.72 -3.15 2.02 0.00 0.00 0.02 0.03 0.72

PAHR+ -1.67 1.54 0.04 0.14 0.91 -1.67 1.56 0.06 0.14 0.07 0.20 0.39

PALO -2.75 0.68 0.01 0.03 0.80 -2.75 0.69 0.14 0.12 0.14 0.12 0.01

PALX -29.77 28.74 0.12 0.08 -0.85 -29.77 28.70 0.05 0.08 0.13 0.11 -0.57

PANA+ -4.88 5.38 0.06 0.05 0.83 -4.88 5.39 0.03 0.06 0.06 0.08 0.51

PARO@ -1.67 0.20 0.01 0.05 0.75 -1.67 0.21 0.08 0.12 0.08 0.14 0.04

PBPP -15.64 16.92 0.24 0.08 0.37 -15.65 16.91 0.05 0.04 0.24 0.09 0.33

PEAR -7.39 9.93 0.05 0.07 0.41 -7.39 9.95 0.04 0.06 0.07 0.09 0.25

PEFO@ -1.16 0.22 0.04 0.01 -0.78 -1.17 0.22 0.10 0.05 0.10 0.05 -0.07

PERL -2.84 1.48 0.04 0.06 0.50 -2.84 1.50 0.01 0.01 0.04 0.06 0.47

PHIN -2.88 1.83 0.04 0.05 0.36 -2.88 1.84 0.03 0.09 0.05 0.10 0.13

PHJX -18.66 23.52 0.17 0.14 0.88 -18.73 23.43 0.10 0.05 0.20 0.15 0.73

PHLB -7.58 12.74 0.29 0.13 -0.98 -7.60 12.76 0.04 0.02 0.30 0.13 -0.96
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PHON -3.04 1.06 0.01 0.02 0.73 -3.04 1.07 0.07 0.07 0.07 0.08 0.04

PICA@ -1.82 0.21 0.10 0.04 -0.90 -1.84 0.21 0.06 0.11 0.11 0.11 -0.24

PIE1 -1.08 0.15 0.03 0.00 -0.90 -1.09 0.15 0.16 0.13 0.16 0.13 -0.01

PIKE* -2.33 0.49 0.06 0.04 -0.60 -2.35 0.49 0.10 0.15 0.12 0.15 -0.08

PILO -3.56 2.53 0.02 0.03 0.75 -3.56 2.53 0.10 0.09 0.11 0.10 0.04

PIMA -1.52 0.39 0.09 0.03 -0.96 -1.54 0.40 0.08 0.06 0.12 0.07 -0.33

PIN1= -16.60 15.01 0.14 0.42 -0.60 -16.61 15.06 0.07 0.04 0.15 0.42 -0.53

PIN2 -16.35 15.15 0.14 0.42 -0.59 -16.36 15.20 0.16 0.17 0.21 0.45 -0.36

PIUT -2.42 1.08 0.08 0.11 -0.40 -2.42 1.11 0.06 0.15 0.10 0.19 -0.18

PJZX -26.96 26.72 0.67 0.22 -0.85 -26.94 26.72 0.06 0.06 0.67 0.23 -0.82

PLEA* -2.36 0.06 0.08 0.03 -0.58 -2.39 0.06 0.30 0.21 0.31 0.21 -0.03

PLPX -26.98 26.65 0.13 0.60 -0.94 -26.98 26.69 0.12 0.32 0.18 0.68 -0.61

PLTX -27.03 27.23 0.35 0.51 -1.00 -27.06 27.21 0.05 0.04 0.35 0.51 -0.98

PMOB= -25.00 23.68 0.04 0.28 0.61 -24.97 23.70 0.06 0.06 0.07 0.29 0.32

POIN -2.25 1.37 0.04 0.09 0.54 -2.25 1.38 0.02 0.01 0.04 0.09 0.48

POSB* -1.24 0.70 0.06 0.02 -0.89 -1.26 0.70 0.28 0.40 0.28 0.40 -0.01

POTR -27.37 25.83 0.17 0.14 -0.87 -27.35 25.83 0.13 0.40 0.21 0.43 -0.23

PPBF= -21.76 21.26 0.32 0.22 0.72 -21.71 21.27 0.06 0.03 0.33 0.23 0.70

PSAP= -14.28 14.09 0.09 0.73 0.31 -14.28 14.17 0.03 0.09 0.10 0.73 0.29

PSDM= -23.25 21.59 0.08 0.17 -0.10 -23.24 21.57 0.03 0.03 0.08 0.17 -0.09

PSTX -31.03 29.14 0.10 0.12 -0.33 -31.02 29.10 0.17 0.05 0.20 0.12 -0.15

PTAX -19.57 24.79 0.13 0.30 0.98 -19.66 24.72 0.16 0.13 0.20 0.32 0.59

PTEX -27.89 27.12 0.35 0.07 -0.33 -27.88 27.12 0.05 0.04 0.35 0.08 -0.28

R018* -1.64 -0.25 0.05 0.02 -0.68 -1.66 -0.25 0.12 0.17 0.13 0.17 -0.03

RAAP= -26.97 25.28 0.05 0.19 -0.54 -26.94 25.29 0.04 0.03 0.06 0.19 -0.43

RAIL -2.75 0.29 0.02 0.06 0.94 -2.75 0.30 0.02 0.02 0.03 0.06 0.62

RAMS* -3.05 0.58 0.10 0.03 -0.57 -3.08 0.58 0.11 0.09 0.15 0.10 -0.13

RAMT -5.99 10.82 0.12 0.13 -0.40 -5.99 10.84 0.06 0.04 0.13 0.14 -0.34

RBUT -0.76 -0.32 0.01 0.03 1.00 -0.76 -0.31 0.05 0.05 0.05 0.06 0.12

RCK0* -1.80 0.33 0.06 0.03 -0.67 -1.82 0.33 0.08 0.22 0.11 0.22 -0.05

RDMT -6.07 8.07 1.00 0.06 0.24 -6.17 8.09 0.11 0.04 1.00 0.07 0.21

REES+ -3.11 0.76 0.01 0.04 0.72 -3.12 0.78 0.06 0.06 0.06 0.07 0.08

RELA -2.66 1.44 0.05 0.07 0.40 -2.66 1.46 0.01 0.01 0.05 0.07 0.39

REP2 -2.55 1.48 0.04 0.06 0.20 -2.55 1.49 0.03 0.03 0.05 0.07 0.13

REP3 -2.66 1.50 0.04 0.06 0.21 -2.65 1.51 0.03 0.03 0.04 0.07 0.15

REP4 -2.37 1.49 0.04 0.06 0.22 -2.37 1.51 0.03 0.03 0.05 0.07 0.14

REPO -2.80 1.35 0.04 0.07 0.51 -2.80 1.36 0.04 0.01 0.06 0.07 0.33

RG01 -0.85 0.03 0.03 0.00 -0.76 -0.86 0.03 0.12 0.13 0.12 0.13 -0.01
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RG02 -0.69 -0.05 0.03 0.00 -0.58 -0.69 -0.05 0.07 0.12 0.08 0.12 -0.01

RG03 -0.48 0.17 0.03 0.01 -0.15 -0.49 0.17 0.10 0.13 0.11 0.13 -0.00

RG04 -0.16 0.28 0.03 0.00 -0.16 -0.16 0.27 0.15 0.19 0.15 0.19 -0.00

RG05 -1.02 0.02 0.05 0.01 -0.99 -1.03 0.02 0.10 0.05 0.12 0.05 -0.06

RG06 -0.82 0.02 0.05 0.01 -0.59 -0.83 0.02 0.09 0.08 0.10 0.08 -0.02

RG07 -0.58 0.16 0.04 0.01 -0.04 -0.60 0.16 0.05 0.04 0.06 0.04 -0.01

RG08 -0.52 0.27 0.03 0.01 -0.11 -0.53 0.26 0.04 0.04 0.05 0.04 -0.01

RG09 -0.66 -0.36 0.02 0.01 -0.71 -0.66 -0.36 0.07 0.04 0.08 0.04 -0.02

RG10 -0.64 -0.19 0.02 0.00 -0.66 -0.64 -0.19 0.07 0.04 0.07 0.04 -0.02

RG11 -0.59 -0.21 0.02 0.00 -0.53 -0.59 -0.21 0.13 0.06 0.13 0.06 -0.00

RG12 -0.57 -0.18 0.02 0.00 -0.36 -0.57 -0.18 0.09 0.05 0.09 0.05 -0.01

RG13 -0.63 -1.44 0.02 0.00 -0.26 -0.63 -1.45 0.07 0.26 0.07 0.26 -0.00

RG14 1.03 -0.31 0.00 0.02 0.94 1.03 -0.30 0.23 0.04 0.23 0.05 0.01

RG15 0.27 -0.98 0.00 0.01 0.96 0.27 -0.98 0.17 0.08 0.17 0.08 0.00

RG16 -0.48 -0.48 0.00 0.01 0.84 -0.48 -0.48 0.08 0.06 0.08 0.06 0.00

RG17 -0.28 -0.33 0.00 0.01 -0.07 -0.28 -0.33 0.24 0.36 0.24 0.36 -0.00

RG18 -0.10 -0.30 0.00 0.01 -0.97 -0.10 -0.30 0.13 0.14 0.13 0.14 -0.00

RG19 -0.18 -0.38 0.00 0.01 -0.94 -0.18 -0.38 0.11 0.06 0.11 0.06 -0.00

RG20 -0.35 -11.98 0.00 0.03 0.79 -0.35 -11.97 0.00 0.00 0.01 0.03 0.79

RG21 -0.43 -0.29 0.01 0.01 -0.92 -0.44 -0.29 0.10 0.07 0.10 0.08 -0.01

RG22 -0.32 -0.30 0.01 0.01 -0.87 -0.33 -0.30 0.07 0.04 0.07 0.04 -0.02

RG23 -0.37 -0.15 0.01 0.01 -0.81 -0.37 -0.15 0.08 0.07 0.08 0.07 -0.01

RG24 -0.37 -0.36 0.01 0.00 -0.78 -0.37 -0.36 0.11 0.05 0.11 0.05 -0.01

RG25 -0.82 -0.16 0.04 0.00 -0.86 -0.83 -0.16 0.10 0.07 0.11 0.07 -0.02

RG26 0.24 -0.14 0.00 0.01 0.82 0.24 -0.14 0.13 0.14 0.13 0.14 0.00

RHIL -3.02 1.33 0.02 0.04 0.71 -3.02 1.34 0.04 0.18 0.05 0.18 0.05

RICO -3.27 0.57 0.01 0.03 0.78 -3.27 0.58 0.08 0.09 0.08 0.10 0.03

RIDG -1.99 1.27 0.03 0.10 0.93 -1.99 1.29 0.16 0.06 0.16 0.12 0.13

ROGE -3.71 3.87 0.09 0.05 0.29 -3.70 3.88 0.07 0.09 0.11 0.10 0.12

ROJO -3.05 1.09 0.01 0.04 0.70 -3.05 1.10 0.05 0.11 0.05 0.12 0.06

ROND* -0.49 -0.54 0.01 0.01 -0.86 -0.49 -0.54 0.06 0.23 0.06 0.23 -0.01

ROXY@ -1.70 0.73 0.03 0.08 0.36 -1.70 0.75 0.09 0.15 0.09 0.17 0.05

ROYS -3.27 1.31 0.02 0.03 0.67 -3.27 1.32 0.21 0.23 0.21 0.23 0.01

RPAS -3.27 0.61 0.01 0.04 0.72 -3.27 0.62 0.08 0.05 0.08 0.07 0.05

RTHS 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00

RUBY -2.88 -0.13 0.01 0.04 0.98 -2.88 -0.12 0.04 0.04 0.04 0.06 0.14

RUMP -2.32 1.72 0.03 0.12 0.83 -2.32 1.74 0.04 0.03 0.05 0.12 0.47

RYAN -2.66 2.09 0.07 0.08 0.06 -2.65 2.10 0.01 0.01 0.07 0.08 0.06
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S496* -1.97 0.15 0.05 0.02 -0.75 -1.99 0.15 0.11 0.21 0.12 0.21 -0.02

SA31 -2.17 0.36 0.06 0.02 -0.69 -2.20 0.35 0.05 0.10 0.08 0.10 -0.13

SA46 -1.47 1.05 0.06 0.02 -0.97 -1.48 1.05 0.10 0.20 0.12 0.20 -0.05

SACY -26.15 24.95 0.06 0.11 -0.94 -26.13 24.93 0.23 0.24 0.23 0.26 -0.10

SALM -2.33 0.51 0.10 0.07 -0.32 -2.36 0.51 0.14 0.16 0.17 0.18 -0.08

SALO@ -2.68 0.68 0.10 0.08 -0.32 -2.71 0.69 0.07 0.08 0.12 0.11 -0.18

SANA -2.93 1.43 0.02 0.04 0.67 -2.94 1.44 0.07 0.05 0.07 0.06 0.11

SBCC= -26.13 26.20 0.10 0.10 -0.08 -26.09 26.19 0.04 0.04 0.11 0.10 -0.07

SC01 -0.84 -1.01 0.02 0.01 -0.62 -0.85 -1.01 0.03 0.03 0.03 0.03 -0.09

SCIA= -9.46 12.62 0.65 0.08 -0.48 -9.52 12.62 0.04 0.03 0.65 0.09 -0.45

SCMS -26.16 25.98 0.09 0.11 -0.01 -26.12 25.97 0.10 0.17 0.13 0.20 -0.01

SDHL -6.55 6.40 0.66 0.09 -0.41 -6.50 6.46 0.04 0.02 0.66 0.09 -0.40

SENA* -1.61 -0.26 0.06 0.03 -0.65 -1.62 -0.26 0.13 0.13 0.14 0.13 -0.05

SENO@ -2.47 0.42 0.11 0.05 -0.63 -2.50 0.42 0.04 0.08 0.12 0.09 -0.32

SENT* -2.28 0.29 0.08 0.03 -0.70 -2.31 0.28 0.33 0.29 0.34 0.29 -0.02

SG24 -0.33 -0.69 0.00 0.01 0.93 -0.33 -0.69 0.08 0.21 0.08 0.21 0.00

SG33 -0.57 0.00 0.04 0.01 0.28 -0.58 -0.00 0.03 0.03 0.05 0.03 0.07

SGDM -22.20 20.45 0.13 0.13 0.45 -22.20 20.43 0.07 0.12 0.15 0.17 0.29

SGPS 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00

SHEL* -1.20 -0.19 0.04 0.01 -0.77 -1.21 -0.19 0.21 0.28 0.22 0.28 -0.01

SHIV@ -1.80 -0.13 0.02 0.07 -0.25 -1.80 -0.12 0.29 0.14 0.29 0.15 -0.01

SHOS= -2.59 2.26 0.06 0.16 -0.05 -2.58 2.26 0.01 0.03 0.07 0.17 -0.05

SHSH -3.47 0.96 0.01 0.03 0.76 -3.47 0.97 0.10 0.07 0.10 0.07 0.03

SIBE -6.41 4.36 0.44 0.59 -1.00 -6.35 4.31 0.26 0.38 0.51 0.70 -0.72

SIGN* -1.46 -0.46 0.01 0.03 -0.99 -1.46 -0.46 0.30 0.11 0.30 0.11 -0.01

SKUL -2.49 1.27 0.04 0.08 0.55 -2.49 1.28 0.01 0.01 0.04 0.08 0.51

SLMS -12.85 14.73 0.21 0.06 0.77 -12.82 14.75 0.11 0.04 0.23 0.07 0.55

SMEL -2.31 -0.41 0.02 0.04 1.00 -2.31 -0.41 0.02 0.01 0.02 0.04 0.62

SMYC -2.21 1.39 0.03 0.10 0.99 -2.21 1.40 0.04 0.01 0.05 0.10 0.65

SNHS= -24.34 24.75 0.05 0.13 -0.79 -24.33 24.72 0.10 0.12 0.12 0.18 -0.27

SNOG= -12.63 13.17 0.58 0.78 0.99 -12.61 13.19 0.48 0.35 0.75 0.86 0.70

SPIC -2.34 0.10 0.01 0.03 1.00 -2.34 0.10 0.04 0.03 0.04 0.05 0.24

SPMS= -23.71 22.79 0.06 0.15 -0.62 -23.69 22.76 0.02 0.07 0.06 0.16 -0.53

SPMX= -31.48 28.15 0.03 0.06 -0.32 -31.48 28.12 0.28 0.11 0.28 0.12 -0.02

SRP1 -2.13 0.25 0.06 0.03 -0.62 -2.15 0.25 0.12 0.12 0.14 0.12 -0.06

STA9* -1.11 -0.50 0.04 0.01 -0.83 -1.13 -0.49 0.11 0.14 0.12 0.15 -0.02

STIR -2.29 1.28 0.02 0.11 0.96 -2.29 1.30 0.04 0.11 0.04 0.15 0.31

STRI -2.41 1.49 0.04 0.08 0.43 -2.40 1.50 0.01 0.01 0.04 0.08 0.41
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STRK+ -1.98 1.29 0.03 0.10 0.81 -1.98 1.31 0.02 0.04 0.04 0.11 0.62

SULF -4.04 2.96 0.04 0.02 0.64 -4.04 2.97 0.05 0.04 0.06 0.05 0.19

SUNS@ -1.49 0.10 0.01 0.06 -0.51 -1.49 0.10 0.06 0.07 0.06 0.09 -0.05

SVAL -2.12 1.54 0.09 0.16 0.78 -2.13 1.56 0.05 0.07 0.11 0.18 0.63

SYLV -4.03 2.62 0.03 0.04 0.74 -4.03 2.63 0.02 0.07 0.03 0.08 0.28

T096* -4.24 -4.77 0.02 0.04 -0.99 -4.24 -4.76 5.62 5.65 5.62 5.65 -0.00

TABL -16.45 17.46 0.27 0.17 0.56 -16.47 17.44 0.07 0.07 0.28 0.18 0.50

TABV -18.67 16.68 0.28 0.07 0.84 -18.66 16.67 0.71 0.22 0.76 0.23 0.09

TALC -6.87 6.09 0.07 0.02 0.95 -6.87 6.10 0.17 0.11 0.18 0.11 0.07

TATE -2.58 1.30 0.04 0.06 0.53 -2.58 1.31 0.02 0.01 0.04 0.06 0.48

TCUN -0.42 -0.40 0.01 0.00 -0.32 -0.43 -0.40 0.08 0.08 0.08 0.08 -0.00

THMG+ -11.05 9.72 0.07 0.08 -0.46 -11.08 9.76 0.23 0.10 0.24 0.13 -0.08

THOM -3.40 1.26 0.02 0.04 0.68 -3.40 1.27 0.03 0.06 0.03 0.07 0.23

THUM -2.44 0.78 0.03 0.11 -0.99 -2.44 0.80 0.11 0.17 0.12 0.20 -0.14

TIVA 0.00 1.36 0.00 0.07 1.00 0.00 1.37 0.00 0.00 0.00 0.07 1.00

TMAP= -14.23 12.46 0.20 0.09 0.18 -14.26 12.50 0.02 0.04 0.20 0.10 0.17

TMGO -0.03 -0.13 0.00 0.01 0.89 -0.03 -0.13 0.14 0.09 0.14 0.09 0.00

TNSS -1.64 -0.44 0.09 0.03 -0.97 -1.67 -0.44 0.18 0.14 0.20 0.14 -0.08

TOIY -3.08 0.41 0.01 0.04 0.80 -3.08 0.41 0.03 0.04 0.03 0.05 0.20

TONI -3.42 1.82 0.02 0.03 0.68 -3.42 1.83 0.13 0.13 0.13 0.14 0.02

TONO -3.11 0.94 0.02 0.04 0.75 -3.11 0.95 0.01 0.02 0.03 0.05 0.52

TONT@ -1.73 0.49 0.08 0.02 -0.77 -1.76 0.49 0.07 0.11 0.10 0.11 -0.12

TOQU+ -3.48 0.38 0.01 0.04 0.74 -3.48 0.39 0.14 0.07 0.14 0.08 0.03

TOYA+ -3.05 0.96 0.01 0.04 0.72 -3.05 0.97 0.07 0.08 0.07 0.09 0.06

TRAK= -25.99 26.50 0.08 0.10 -0.62 -25.96 26.48 0.07 0.13 0.10 0.16 -0.29

TRAM -1.39 0.88 0.03 0.07 -0.04 -1.39 0.90 0.17 0.10 0.18 0.12 -0.00

TUC0 0.99 0.00 0.00 0.00 -0.00 0.99 0.00 4.43 4.28 4.43 4.28 -0.00

TWMS= -23.08 22.17 0.06 0.15 -0.93 -23.06 22.14 0.20 0.07 0.21 0.17 -0.25

UFOS -3.55 1.90 0.03 0.04 0.58 -3.55 1.91 0.04 0.05 0.05 0.06 0.25

UNR1 -2.17 1.34 0.04 0.09 0.79 -2.17 1.36 0.05 0.09 0.06 0.12 0.37

USGC -23.51 22.64 0.14 0.05 0.13 -23.51 22.67 0.06 0.04 0.15 0.07 0.09

VFSP@ -2.03 0.79 0.03 0.08 0.15 -2.03 0.81 0.09 0.35 0.10 0.36 0.01

VIGU -2.81 -0.03 0.01 0.03 0.79 -2.81 -0.02 0.20 0.43 0.20 0.44 0.00

VINE -3.55 2.13 0.04 0.03 0.42 -3.54 2.14 0.00 0.00 0.04 0.03 0.42

VONS -2.51 1.75 0.05 0.07 0.01 -2.51 1.76 0.04 0.02 0.06 0.07 0.01

W002* -1.40 -0.11 0.05 0.02 -0.68 -1.42 -0.11 0.33 0.28 0.34 0.28 -0.01

WAHW+ -2.65 0.59 0.01 0.06 0.92 -2.64 0.60 0.18 0.14 0.18 0.15 0.02

WEEP -3.37 1.59 0.02 0.04 0.69 -3.37 1.60 0.14 0.17 0.15 0.17 0.02
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WHTA@ -2.05 0.85 0.09 0.05 -0.55 -2.08 0.85 0.08 0.08 0.12 0.09 -0.21

WHYT= -25.15 25.74 0.11 0.10 -0.30 -25.12 25.73 0.08 0.03 0.14 0.10 -0.23

WIDC= -11.60 10.87 0.13 0.65 0.21 -11.61 10.96 0.05 0.14 0.14 0.67 0.19

WILC -4.08 0.83 0.01 0.03 0.74 -4.08 0.84 0.00 0.00 0.01 0.03 0.74

WOLF* -2.07 0.63 0.09 0.03 -0.65 -2.10 0.63 0.68 0.58 0.69 0.58 -0.01

WOMT -7.00 9.71 1.26 0.46 -1.00 -7.11 9.75 0.10 0.03 1.26 0.47 -0.99

WUPA@ -1.67 0.06 0.03 0.03 -0.81 -1.68 0.07 0.24 0.24 0.24 0.24 -0.01

WWMT= -13.42 13.22 0.43 1.08 1.00 -13.38 13.32 0.07 0.10 0.44 1.08 0.98

YOMB+ -3.13 0.67 0.01 0.04 0.74 -3.13 0.68 0.10 0.07 0.10 0.08 0.04

ZIGR* -1.98 0.28 0.07 0.03 -0.60 -2.00 0.28 0.10 0.12 0.12 0.12 -0.09

ZION@ -1.72 0.02 0.01 0.06 0.45 -1.71 0.03 0.09 0.11 0.09 0.13 0.03

ZUMA -3.46 1.87 0.03 0.04 0.67 -3.46 1.88 0.03 0.09 0.04 0.09 0.18
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Abstract

Rates of crustal deformation in the Southern Basin and Range (SBR) and 

Colorado Plateau (CP) provinces are considered to be low; however, the accumulation of 

small amounts of strain over long periods of time can lead to large earthquakes such as 

the 1887 Sonoran earthquake in northern Mexico.  These low rates of deformation pose 

challenges to quantifying crustal surface motions and the distribution of strain rates in the

SBR and CP.  With data from a significantly improved GPS network we calculate strain 

rates using velocity profiles on one-degree increments of latitude and longitude.  The 

profiles were tested for a statistically significant improvement of using two, piecewise 

linear segments versus a single linear segment.  This method reveals that the strain rate 

field can be characterized as a relatively lower strain rate eastern domain and a relatively 

higher strain rate western domain.  The average dilatational strain rates of the domains 

are low, as expected, at approximately 1 ns/yr and 3 ns/yr in the eastern and western 

domains, respectively.  The breakpoints separating the piecewise linear segments fit to 

the east component of velocity on the latitudinal velocity profiles are used to define a 

deformation domain boundary.  The deformation boundary is irregular in shape, 

approximately 1000 km in length and generally corresponds to tectonic and deformation 

boundaries from previous studies that were based on other criteria.  The higher strain rate 

western domain includes an area of very sparse Quaternary faults and relatively low 

seismicity that is not consistent with higher strain rates.  We sum Quaternary fault 

extensional slip rates along 0.1-degree east-west swaths from the Rio Grande Rift to near 

the California – Arizona border.  When the cumulative slip rates are compared to the GPS

velocities, there is a discrepancy with larger GPS rates than cumulative slip rates in west-
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central Arizona.  This discrepancy is difficult to reconcile, but may be related to periodic 

large earthquakes on the Pacific – North American plate boundary or the extensional 

history of parts of the SBR, among other things.

1  Introduction

Elastic strain accumulation in the Earth's crust is the primary driver of continental 

earthquakes and can lead to seismic hazard.  Regional studies of seismic hazard in the 

Southern Basin and Range Province (SBR) and Colorado Plateau Province (CP) include 

those of risk to transportation (Euge et al., 1992), buildings (Ghanat et al., 2015), hydro-

electric power and water resources (Lockridge et al., 2012b) and the Palo Verde nuclear 

power plant (NRC, 2016).  Strain rates can be used with seismicity, fault location, and 

slip rate data to further characterize areas of deformation and potential seismic hazard.  

Improved understanding of long-term deformation patterns of the SBR and CP can be 

incorporated into the definition of boundaries of block models (e.g. Petersen et al., 2013; 

Spinler et al., 2015).  Strain rates along the Wasatch fault zone of the northwestern 

margin of the Colorado Plateau have been the focus of numerous studies (e.g. Bennett et 

al., 2003; Niemi et al., 2004; Kreemer et al., 2010; Berglund et al., 2012) and are better 

constrained than along the south and southwestern margin due to the low levels of 

deformation and sparseness of data.  We provide high resolution strain rates for the SBR 

and southern CP using data from a significantly improved GPS network.

We estimate strain rates in the SBR and southern portion of the CP (Figure 1) 
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using semi-continuous Global Positioning System (GPS) networks with funding from the 

National Science Foundation (NSF) EarthScope Science Program (Berglund et al., 2012; 

Broermann et al., App. B in this dissertation).  GPS sites installed in 2010 in the SBR and

on the CP are referred to in the text and figures as EarthScope sites (ES).  The expanded 

network is used in conjunction with existing EarthScope Plate Boundary Observatory 

(PBO) (Herring et al., 2016), NOAA Continuously Operating Reference Stations (CORS)

and campaign data in Arizona to better constrain the crustal motions of SBR and CP.  Our

analysis is an extension of the work of Kreemer et al., (2010) and Berglund et al. (2012) 

in characterizing the velocity and strain rate fields of the SBR and CP.

In this study, we use GPS velocities (Figure 2) that have accounted for the 

coseismic and postseismic effects of earthquakes in the area surrounding the SBR and CP,

of which the Mw 7.2 2010 El Mayor – Cucapah earthquake (Wei et al., 2010) had the 

most pronounced effect on the GPS velocities determined in our study region (Broermann

et al., App. B in this dissertation).  Areas of low deformation rate and variable sampling 

density of crustal motions can pose problems in the analysis of two-dimensional 

horizontal strain (Baxter et al., 2011; Hammond et al., 2014).  Our strain analysis is based

on piece-wise linear fits to profiles of north and east velocity components, similar to that 

of Bennett et al. (2003) and Berglund et al. (2012).  East-west and north-south profiles 

with one degree increments of latitude and longitude are used to find strain rates using a 

linear fit to the east and north components of the site velocities.  All profiles are tested for

a statistically significant improvement in modeling the site velocity components using 

two linear segments versus a single linear segment.  If along a profile two segments are 

found to provide a significantly better fit, the segments are considered to characterize the 
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strain rate variability between separate deformation or strain domains (Bennett et al., 

2003).  Using this simplified method we identify two relatively uniform east-west 

extending strain domains separated by a single domain boundary or boundary zone.  The 

boundary separating these domains in the northern part of Arizona is similar to the 

tectonic boundary of the southern Colorado Plateau of Brumbaugh (1987) and the 

southwest edge of the Colorado Plateau Interior Block (CPIB) (Menges, 1983; Menges 

and Pearthree 1989) and in southern Arizona the boundary is in the same area as the 

eastern side of the Sonoran Desert Block (SDB) neotectonic domain of (Menges 1983; 

and Menges and Pearthree, 1989) (Figure 1).

The slopes of the linear fits of the latitudinal and longitudinal profiles of east and 

north components of site velocities give the four components of a horizontal velocity 

gradient tensor at the profile intersections.  The profile intersections form a grid of points 

at which the estimated velocity gradient tensor is used to obtain dilatational and total 

strain rate maps.  The strain-rate maps are used to compare with regional seismicity and 

other interpretations of tectonic domains.  A smoothed velocity field is calculated by 

solving for the for the velocity components at the profile intersections.  We calculate 

cumulative slip rates of Quaternary faults in the longitude range 104º W to 115º W to use 

as a first order comparison of geologic and geodetic rates.  We also assess the 

contribution to the velocity and strain rate field associated with the greater San Andreas 

Fault system to the west to show the influence of the plate boundary, modeled as a locked

strike-slip fault, on deformation in the SBR and CP. 
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2  Tectonic and Geologic Setting

Our area of interest (Figure 1) includes the North American and Pacific plate 

boundary on the southwest, the Rio Grande Rift to the east and the southern end of the 

Intermountain Seismic Belt on the northwest.  Central to the northern part of the area is 

the Colorado Plateau (CP) physiographic province, which has an average elevation of 

about 2 km, and is mildly deformed relative to its much more deformed surroundings 

(Pederson et al., 2002).  The CP includes an area of relatively high levels of seismicity 

and abundant Quaternary faults near its southwestern margin, termed the Northern 

Arizona Seismic Belt (NASB) (Brumbaugh, 1987).  The Colorado Plateau interior block 

(CPIB) is an area of relative neotectonic stability (Menges, 1983; Menges and Pearthree, 

1989) and low levels of historical seismicity (USGS 2017), (Figure 1a).  Eastward 

encroachment of Basin and Range extensional deformation into the western margin of the

CP (Best and Hamblin, 1978) are reflected by the Quaternary faults near latitude N37o.

The Southern Basin and range includes a band of northwest-trending 

metamorphic core complexes that underwent mid-Tertiary extension of up to 40 to 60% 

after earlier crustal shortening (Coney and Harms, 1984).  Favorito and Seedorff (2017) 

estimate multiple generations of Cenozioc normal faults and successive tilting of fault 

blocks produced 14.6 km of extension or 200% for their study area, 80 km north of 

Tucson.  Mid-Tertiary extension in southwest Arizona resulted in strongly tilted Tertiary 

sections and low- to high-angle faults (Spencer and Reynolds, 1998) (Figure S4).  

Sherrod and Tosdal (1991), assuming listric fault geometries, calculate 10 -– 40% 

extension in southwest Arizona and southeastern California, between latitudes N33o and 
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N33.5o.  This is in an area where subduction-complex material was underplated during 

the latest Cretaceous – early Cenozoic Laramide orogeny and unroofed in the mid-

Cenozoic and brought to the surface as the Orocopia shist through extension and 

detachment faulting (Jacobson et al., 2007).  Haxel et al. (2002) suggest the low-angle 

normal faults that exhumed the Orocopia shist in Arizona could have had significant 

horizontal displacements, and Chapman (2016) implies that the exhumed schists share 

characteristics of the core complexes of the SW United States.  Late Miocene and 

younger Basin and Range high-angle block faulting in Arizona may account for 10-20% 

extension (Menges and Pearthree, 1989), and formed deep basins (Scarborough and 

Peirce, 1978); however, this type of deformation is more limited in western Arizona 

(Spencer and Reynolds, 1989).

The Arizona Transition Zone (AZT) is the rugged terrain between the higher CP 

and lower SBR.  In the early Cenozoic, what is now the SBR was topographically higher 

than the area to the north.  Detachment faults dipping beneath the Transition Zone and 

inferred lower plate rocks displaced to the southwest in the Oligocene and Miocene is 

thought to have resulted in a reversal of slope and core complex development (Spencer et

al., 2001).

Crustal extension of New Mexico occurred in two periods (Baldgridge et al., 

2006).  A late Oligocene-early Miocene phase resulting in up to 30-50% extension and 

broad, relatively shallow basins, bounded in part by low-angle faults and a mid-Miocene 

through Holocene Basin-and-Range phase of steeper faults some of which formed the Rio

Grande Rift (Baldridge et al., 2006).  Basin-and-Range style fault activity decreased 

during the Pliocene in Arizona and New Mexico (Menges and Pearthree, 1989; Machette,
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2000).

Estimated surface rupturing recurrence intervals for Quaternary faults in Arizona 

and New Mexico range from 5-15 ky on the most active structures to 100 ky or more 

(Pearthree, 1998; Machette, 2000).  Pearthree and Calvo (1987), using a 60 – 70o dipping 

fault plane estimated a magnitude of 6.4 - 7.3 for the paleoearthquake that formed the 

Quaternary fault scarps near the Santa Rita Mountains, south of Tucson.  Johnson and 

Loy (1992), using seismic reflection data, infer slip on a 20o dipping fault plane formed 

the Santa Rita fault scarps and recalculate the earthquake magnitude to be 6.7-7.6.  The 

Sonoran earthquake of 1887, near the Arizona – New Mexico border in northern Mexico 

(Figure 9c) was estimated by Suter (2008) to be Mw 7.5.  Seismic activity is about 60% 

greater in Arizona than in New Mexico, when counting magnitude 4 and greater 

earthquakes since 1980, after seismographic coverage became more uniform throughout 

the southwest U.S. (Wong, 2009).

3  Data and Methods

3.1  Velocity Profiles and Strain Rates

GPS velocity profiles are constructed along lines of latitude from N31o to N38o 

and from west longitude from W104o to W115o (Figures 3 and 4) to form a one-by-one-

degree, two dimensional grid.  The velocities used in the profiles (Figure 2) are relative to

the stable North American reference frame NA12 of Blewitt et al. (2013).  After 

accounting for coseismic and postseismic effects of earthquakes surrounding the SBR and
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CP (Broermann et al., App. B in this dissertation), we consider the velocities to be the 

time-invariant or background secular velocities.  The slope of a linear fit to the velocity 

gives one of the elements, Vij, of the two-dimensional velocity gradient tensor field, 

similar to Bennett (2003).

V ij=
∂ vi

∂ x j

,         (1)

where i and j are east and north directions.  Profiles are referenced by their latitude or 

longitude e.g. P33 refers to the profile along latitude N33o north and P112 refers to the 

profile along longitude W112o.  Each profile uses the east and north components of the 

GPS velocities giving velocity gradients Vee and Vne for latitudinal profiles and Vnn and Ven

for longitudinal profiles.  To minimize overlap of data, the profiles include sites that are 

within 0.5 degrees of the profile line, except when it is widened where data are sparse or 

narrowed when data are more variable.  Profiles P31, P37, P107 and P109 were widened 

to ±0.6 degrees and along longitude P115, where the velocities change rapidly closer to 

the plate boundary, the total width was reduced to 0.75o from W114.5o to W115.25o.  The 

southern ends of profiles P114 and P112 lack data and the profiles were extrapolated to 

the south, to latitude N32o.  Site WUPA at latitude N35.51210o was included in P35 as its 

velocity is more similar to the velocities of P35 rather than P36.  Velocity gradients 

perpendicular to the profile lines were assumed small enough to ignore when projecting 

to the profile line.

After removing outliers, including site SCO1 near the Socorro magma body, the 

Generic Mapping Tools routine gmtregress (Wessel et al., 2013) with its weighted least 

squares option was used to find a linear fit to the velocity data.  Weights given to 

gmtregress (Wessel et al., 2014) are the "total uncertainty" of Broermann et al. (App. B in
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this dissertation) that includes a measure of uncertainty in velocity due to the uncertainty 

in the viscosities used to account for postseismic effects.

All profiles were tested to determine if using two linear segments was a 

significant improvement over using a single linear segment.  Statistical significance was 

tested using an F-test with a reduced model of two parameters, slope and intercept, versus

the full model with five parameters using an additional slope and intercept and a break 

point.  A confidence level of 90% was used to determine if two segments provided a 

better fit to the data and a majority of the profiles that use two piecewise-linear segments 

exceed the 95% confidence limit.  The two segments are separate and do not share a 

common mid-point.  The best-fitting segments of the full model that is statistically 

significant were found with the minimum NRMS value,

NRMS=√∑i=1

N

(r i /σ i )
2

N−m
,       (2)

where ri is the misfit between the linear fit and the data, σi is the uncertainty in the 

velocity, N is the number of velocities and m is the number of parameters.  For a few 

profiles, the minimum value was associated with an unrealistic velocity gradient, when 

the smallest segment only included a few velocities.  In this case, the next statistically 

significant, best-fitting-segment combination was used to determine the breakpoint.  

Breakpoints of the best-fitting segments are given as Tables 1a and 1b and are statistically

significant above 95%, unless indicated as statistically significant between 90 – 95%.  

Profiles (Figures 3 and 4) include two-sigma uncertainties in velocity gradients as given 

by gmtregress. 
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Table 1a

P32 P33 P34 P35 P36 P37 P38

East -111.085* -111.413 -109.337 -109.572* -112.069* -112.596 -112.106

North -112.067 -113.338 -112.303 -112.665 -110.013

Table 1b

P105 P106 P107 P108 P109 P110 P111 P112 P113 P114 P115

East 36.439* 34.234 35.566 37.221 36.356

North 34.848

Table 1a and 1b. Location of breakpoints for latitudinal profiles (1a) and longitudinal 
profiles (1b). * F-test confidence level between 90 and 95%.

Velocities at profile intersections are calculated using the slope and intercept of 

the linear regressions and are the average of each component, e.g., the east component of 

velocity is the average predicted at the intersection of the latitudinal and longitudinal 

profiles (Figure 2).  In this way, rather than smoothing the velocities before finding 

velocity gradients, the smoothing takes place during the linear fit and the smoothed 

velocity field is a calculated secondarily.  A linear fit will mask small scale variations. 

However, in the distributed and low-strain environment (Berglund et al., 2012), small-

scale velocity variations may be difficult to separate from data errors.

The symmetrical strain rate tensor, ėij (3), and dilatation, δ (4)

ė ij=
1
2

( V ij+V ji)     (3)

and

δ=ė ii+ ė jj ,     (4)
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are calculated following the method of Hackl et al. (2009) using the velocity gradient 

tensor at the profile intersections.  Segment ends are rounded to the nearest 1 degree and 

the velocity gradients are averaged where two segments of a profile share the same 

latitude or longitude.  After calculating the two-dimensional dilatation, an area of 

unexpected contraction along P111 was reduced by adding a breakpoint that is not 

statistically significant to the north component of velocity profile at the same latitude as 

the breakpoint of the east component.  Two additional adjustments to the best-fitting 

profiles were also applied.  The breakpoint of P38 predicts a 1.27 mm/yr westward 

velocity increase over a 17-km distance between the segment ends or approximately a 75 

ns/yr velocity gradient.  Moving the breakpoint to the middle of the two sites to the east 

decreases the velocity change between the segments ends to 1.03 mm/yr over 53 km and 

reduces the velocity gradient between segments to a still large, but lower 20 ns/yr.  This 

increases the gradient of the western segment and probably better reflects the increases in

velocity across the boundary in this area, where the ISB transitions to the NASB.  The 

eastern end of the western segment of profile P32 is near a cluster of sites in the Tucson 

area and the eastern end is moved 0.074 degrees to the east to give more equal weighting 

of the west and east segments to the multiple sites in the cluster.  Other adjustments to the

breakpoints could be applied based on similar arguments, but we wish to leave the 

breakpoints close to the best fitting solution.  Figure 5 and Table 2 show the adjustments 

to the profiles.  The best-fitting strain maps are given in the supplemental information 

(Figures S1-S3). Hereafter, the strain discussed includes the three adjustments.

170



Table 2

P32 P38 P111

East -111.011* -111.697 34.234

North -112.067 34.234**

Table 2.  Breakpoint adjustments shown as bold. * F-test confidence level between 90 and

95%, ** not statistically significant.

The breakpoints are interpreted to represent a physical boundary between 

different deformation domains.  It is unlikely the physical boundary is a sharp divide 

between the deformation domains, but is rather a gradational change of velocity gradients

between domains and is more appropriately considered a boundary zone. The breakpoints

are given as the mid-points between the GPS sites of the best fitting segments whereas it 

could be any place between the two sites at the segment ends. There is additional 

uncertainty in which sites bound the breakpoint. To represent this gradational change and 

uncertainty, the boundary is given as a 100-km-wide zone centered on the line that 

connects the breakpoints.  The breakpoints before the adjustments are within the 100-km 

zone, for example the adjusted location of the breakpoint of P38 is 35 km to the east of 

the best fitting breakpoint.  Figure 6 shows dilatation strain and the 100-km-wide 

boundary zone.

The second invariant of strain rate or total strain, 

total strain=√λ1
2
+ λ2

2 ,      (5)

(Kreemer et al., 2014) where λ1 and λ2 are the maximum and minimum eigenvalues is 

shown in Figure 7 and is smoothed through interpolation from 1 degree to 1 minute and 

given with strain crosses normalized to the absolute value of the maximum eigenvalue 
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and indicating extension, contraction or shear.  Style of deformation without 

normalization of strain crosses is shown as Figure 8.  The indicated higher tendency for 

strike slip along longitude W109 is on a profile, where the sampling width was increased 

to compensate for the limited number of sites on the profile and probably results from site

density rather than a band of shear.  The area of shortening in the northeast is in an area 

where the uncertainty in Ven is high and is most likely a limitation of this type of analysis 

given that the results of Berglund et al. (2012), using longer baselines, do not show 

shortening in this area.

3.2  Cumulative Quaternary Fault Slip Rates

To the extent that brittle failure of the crust gives an indication of the average, 

long-term strain, the sum of the slip rates of Quaternary faults should be similar to the 

GPS velocities along the western margin of the study area, if the time-invariant velocities 

are in a stable North American reference frame and also represent average, long-term 

strain.  To compare the GPS velocities with Quaternary fault activity, we summed slip 

rates from the USGS fault and fold database (USGS et al., 2006) and Pearthree (1998)1 

along 0.10 degree swaths from longitudes W104o to W115o (Figure 9).  Displacement 

associated with Quaternary fault scarps in central and southern Arizona are typically less 

than 15 m (Menges and Pearthree, 1989).  The slip rates of Pearthree (1998)1 include 

rates categorized at less than 0.02 mm/yr (20 m /Ma) are considered to be more 

representative of the Quaternary faults in Arizona, whereas the USGS fault and fold data 

base appears to have a minimal rate of less than 0.2 mm/yr (200 m / Ma).  Slip rates of 

172



faults given as fault zones or where multiple strands of the same fault are located in a 

given swath are only counted once in the summation.  Where ranges of slip rates are 

given, both the minimum and maximum are plotted.  Faults with an age given as “Class 

B” were excluded such as the group of faults near Lake Powell, in southern Utah and 

caldera-related faults of the Jemez Mountains, New Mexico.  Only normal faults are 

summed and fault motion is assumed to have no oblique motion.

The slip rates given in the Quaternary fault data bases (USGS et al., 2006; and 

Pearthree, 1998) are estimated vertical rates; no data exists to directly estimate horizontal 

slip rates (Pearthree, written communication).  The relationship between vertical rates and

horizontal rates are dependent on fault geometry.  In calculating a horizontal extension 

rate from their vertical, paleoseismic rate, Wesnousky et al. (2005) use a planar dip, d, of 

60o with a horizontal rate equal to the vertical rate divided by tan(d).  For a dip of 60o, 

tan(d) = 1.73 and the horizontal rate is a factor of 0.58 of the vertical rate.  In comparing 

their horizontal rates with geodetic rates, they find the geodetic rates (Bennett et al., 

2003) to be higher by a factor of approximately 3.1-4.8 and note that a fault dip of 30o 

would increase the geologic rate by 3 times, tan(30)=0.58, over the rate using a dip of 

60o.

Normal-fault geometries in the area may not necessarily be planar.  Fault dips 

decreasing with depth have been observed in the western Colorado Plateau on the 

Hurricane and "Sevier-Toroweap" faults, among others (Hamblin, 1965) (Figure 9d).  

Kruger et al. (1995), suggest that the range bounding fault of the Safford Basin (Figure 

9d) is associated with Quaternary fault scarps and may change in dip from approximately 

50 degrees near the surface to 20 degrees with depth.  North of the area, Velasco et al. 
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(2010) infer listric fault geometries of segments of the Wasatch fault zone that have been 

active in the Quaternary.  Active low-angle faults resulting in surface rupture are rare; 

however, the fault scarps of the Santa Rita fault zone (Figure 9d) that dip 70-90 degrees 

at the surface (Pearthree, 1998) are considered by Johnson and Loy (1992) to be the result

of movement on a 20-degree dipping normal fault.  Menges and Pearthree (1989) 

describe the late Miocene and younger faults in Arizona as planar with moderate to steep 

dips and possibly flattening in the mid-crust at the brittle ductile transition.

Seismogenic normal faults typically occur on fault planes dipping between 30 and

60 degrees (Jackson, 1987; Jackson and White 1988).  Using the middle of the this range,

45 degrees, and tan(45)=1, gives a 1:1 ratio of vertical to horizontal rate.  Since fault 

geometry at depth is largely unknown, for our first order comparison of geologic and 

geodetic rates we assume 45o dipping faults and vertical rate is equal to horizontal rate.

Under predominately east-west extension, indicated by the strain analysis above, 

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) and plotted as positive in the 

west direction (Figure 9c).  The north component is the sine of the strike multiplied by 

the horizontal rate and positive in the quadrants 0o - 90o and 180o-270o, i.e. NW- and SE-

striking faults and negative for NE and SW striking faults in the quadrants 270-360 and 

90-180 degrees (Figure 9b).  The total number of unique fault slip rates summed along 

the transects is shown in Figure 9a.

1 Slip rates are from table on pages 2-5.
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3.3  Shear Strain from San Andreas Fault System

A portion of the strain and velocity in SW Arizona can be attributed to the far-

field elastic strain associated with the SA fault system to the west.  This component of the

velocity field may not reflect long-term deformation in Arizona if it will be recovered 

during earthquakes in California.  To assess this San Andreas contribution to the velocity 

field, we use the simplified model of a screw dislocation in an elastic half-space based on

the Cerro Prieto segment of the fault system (Figure 1) to obtain an approximation of the 

velocities associated with ephemeral San Andreas strain accumulation.  After subtraction 

of the San Andreas related velocity field from the time-invariant SBR velocity field, the 

residual velocity should portray the crustal deformation associated with active tectonic 

processes located in the SBR.

Reported Cerro Prieto strike slip rates range from 38.3 ± 0.1, 40 ± 1.5 and 41 

mm/yr and locking depths from 5 to 15 km (Spinler et al., 2015; Evans et al., 2015; 

Meade and Hager, 2005).  Using a locking depth of 10 km and strike-slip rate of 40 

mm/yr the velocity predicted by a screw dislocation of an infinite strike slip fault in an 

elastic half-space,

velocity=slip/2−slip /π atan (distance / locking depth ) , (6)

with a strike of N45oW gives a good approximation of the north component of nearby 

sites in the SBR and on the Pacific Plate and up to 300 km distance into the SBR (Figure 

10).  The velocities in the SBR show a residual westward motion after subtracting the 

modeled strike slip motion, indicating that plate boundary, modeled as a locked strike slip
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fault, has a limited influence on the westward velocities observed in the SBR (Figure 10).

However, the locked Cerro Prieto Fault does add a northwest component to the time-

invariant velocity field in the southwestern part of the SBR.

4  Results and Discussion

4.1  Velocity Profiles and Segments

The velocity profiles include data from a variety of monumentation types and 

with different data-collection histories.  PBO and ES sites generally have lower velocity 

uncertainties than the CORS and campaign sites.  CORS and campaign sites reasonably 

follow the linear trends of the data, showing that they add information to the analysis and 

fill in the gaps where PBO and ES sites are sparse.  The velocity profiles and segments 

show different aspects of the velocity field and are discussed in separate sections below.

4.1.1  Vee Profiles

Latitudinal Vee profiles, P32 through P38, (Figures 3a and 5) exhibit a consistent 

change of slope along the profiles reflecting the higher strain rates west of the inferred 

domain boundary.  The eastern latitudinal Vee segments, located on the CP, have velocity 

gradients that indicate a low level of extension of ~ 1 ns/yr or less, consistent with the 

results of Berglund et al. (2012).  Starting at the southern edge of the CP the eastern 

segments show velocity gradients increasing from ~ 1.8 to ~ 2.0 ns/yr at latitude N32o.   
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The velocity gradients of the western segments are consistently larger than the eastern 

segments, ranging from about 3.0 to 6.0 ns/yr.  The western-segment gradients are 

smaller in the middle latitudes while larger rates occur in the north at the southern end of 

the Intermountain Seismic Belt (Smith and Sbar, 1974) where it transitions to the NASB 

(Brumbaugh, 1987) (Figures 6 and 7).  Velocity gradients of the western segments also 

increase to the south, toward P32, where the plate boundary has a larger influence.  

Velocity-gradient uncertainty of the western segment of P32 is larger than the others due 

to at least two factors: sparseness of data and higher uncertainties inherent in the removal 

of postseismic effects from the 2010 El Mayor - Cucapah earthquake in the northern Gulf

of California.

To the south of latitude N38o the change in slope along the profile diminishes and 

remains east of the NASB.  At latitude N35o, the domain boundary becomes less distinct 

and follows the southeast trend of the NASB to as far east as approximately longitude 

W109.5o.  As the eastern velocity gradients increase to the south, the difference between 

the segment slopes becomes smaller as the domain boundary trends SW through the ATZ,

to the south of the NASB and then follows a NS trend along longitude W111o into the 

SBR, sub-parallel to the 28-km crustal-thickness contour (Figure 4) and the eastern edge 

of the Sonoran Desert Block (Menges, 1983; Menges and Pearthree, 1989), an area of 

relatively few Quaternary faults and low levels of seismicity. 

4.1.2  Vne Profiles

The rate of change of the north component of velocity from east to west, along 
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P38 shows no discernible change in slope (Figure 3b).  Profiles P37 – P36 (Figure 3b) 

have low positive Vne velocity gradients for the eastern segments and gradients of 

negative 2.7-5.0 ns/yr for the western segments.  The change in sign between eastern and 

western segments indicates an increasing southern velocity component on the eastern 

segment and an increasing northern velocity component on the western segment.  This 

southern velocity increase in the CP area may be an indication of gravitational potential 

energy contributing to motion toward the southern CP edge.   Velocity gradients of the 

western segments of P33 – P32 have increasing northward velocities on both segments 

indicating increasing plate boundary influence to the west.  The Vne value for the western 

segment of P33 is anomalously large and may be due to the proximity and number of the 

westernmost GPS sites to the plate-boundary and their effect on the position of the best-

fitting breakpoint or an artifact of removing the effects of the El Mayor – Cucupah 

earthquake.

4.1.3  Vnn and Ven Profiles

P115 was the only profile where two segments were determined to be statistically 

significant for the Vnn longitudinal profiles (Figure 4a) and shows the increased northward

velocities near the plate boundary.  The Vnn profiles show more positive north components

of velocity in the southern latitudes.  Although there are a few profiles where uncertainty 

is higher than the strain rate, all velocity gradients are negative and vary between -0.11 

and -1.02, with the exception of P115, where the southern segment has a larger, plate-

boundary-influence velocity gradient.  P111 has an added breakpoint (Figure 5b) to 

178



reduce contraction in the northern latitudes.  The northern latitudes of P105 – P111 

generally have a small southern velocity component possibly reflecting southward 

extension of the CP.  To the west of P111, in the northern latitudes, the northern velocity 

component becomes increasingly positive toward P115.

A statistically significant breakpoint was used for P105 to find Ven for separate 

north and south segments.  The increasing east velocity of the northern segment may 

contribute to the contractional area shown in the NE corner of Figure 8.  P111 appears to 

be an atypical and fortuitously located profile that lies to the east of the southeast 

trending terminus of the NASB and the eastern edge of the SDB.  The statistically 

significant breakpoint of P111 gives Ven values around -2.7 ns/yr in the south and 2.0 

ns/yr in the north and shows westward velocities increasing from both the north and the 

south at latitude N34.234o, south of the eastern end of the NASB.  P111 is also the profile

were a breakpoint was added to the Vnn profile to reduce small amounts of contraction in 

the northern part of the area (Figure 5b, Figures S1 and S3).  The three westernmost 

profiles P113 – P115 have an opposite north-south segment relationship to P111 where 

the southern segment is positive and the northern segment is negative.  The southern 

segments show decreasing westward velocities from the SBR toward the CP with some of

the decrease attributed to distance from the plate boundary.  The north segments indicate 

increasing westward velocities, toward the ISB where the ISB branches to the SW into 

Nevada and an area of strike-slip faulting (Kreemer, 2010a) and SE into Arizona and the 

NASB (Brumbaugh 1987) (Figure 1).  Profiles P106 – P108 show essentially zero Ven 

with the two-sigma uncertainties approximately equal to or greater than the velocity 

gradients.
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4.2  Deformation Boundary Zone and Domains

The collection of latitudinal, Vee, velocity-profile-segment boundaries used to 

construct a boundary in two dimensions delineate two deformation domains, a weakly 

deforming eastern domain and a western domain of relatively higher strain rates.  

Assuming linear segments to define the deformation boundary is a simplification of the 

velocity field and the transition from one segment to the next is probably more 

continuously varying; to include some level of uncertainty in the location of the boundary

and gradual transition between domains, it is represented as a 100-km-wide boundary 

zone (Figures 6 and 7).  Brumbaugh (1987) used several criteria to demark the tectonic 

boundary of the southern Colorado Plateau at longitude W112o: seismicity, crustal 

thickness, stress orientations, volcanic occurrence and history, and heat flow.  The 

boundary zone, as determined by the segment boundaries, lies close to the east of 

longitude W112o in the north and is more irregular in shape.  The boundary zone follows 

the general trend of the NASB and continues east along the southern boundary of the 

CPIB.  The boundary zone then trends SW through the crustal thickness gradient of the 

ATZ and  follows the 28-km crustal-thickness contour and the eastern boundary of the 

SDB.  Kreemer et al. (2010) were better able to model the CP as a rigid body by 

excluding sites west of longitude W112o and using sites to the east and one site in the 

boundary zone, suggesting that the boundary zone north of about latitude N34o may also 

be a boundary between rigid and non-rigid behavior of the CP.  The boundary zone 

follows an irregular path approximately 1000 km long, yet also generally follows the 
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tectonic boundaries defined by geologic and other geophysical studies.

4.3  Strain-Rate Fields

The dilatational strain rate of the region (Figure 6) shows overall weak extension 

with a few exceptions where contraction is predicted. In the far northeast, velocity-

gradient uncertainties are high relative to the velocity gradients.  Velocity profile P37 

indicates weak east-west extension for the Vee eastern segment (Figure 3a), consistent 

with Berglund et al. (2012) and the normal-fault solutions in the northeast corner of the 

area (Figure 6).  Predicted contraction in these areas of relatively high uncertainty is 

likely showing that the limit of using a linear fit of the four velocity gradients to derive 

two-dimensional strain, has been reached, given the available data.  For example, the 

dilatational strain rate at the intersections of P37 and P106 is -0.2 ns/yr and the two-sigma

uncertainties in the four velocity-gradient components ranges from 0.11 to 0.29 ns/yr 

(Figure 3, Figure 4).  Another area of contraction of about 0.6 ns/yr is located at the 

western end of P34 where strike-slip deformation is expected to become more significant.

It is possible that one or more breakpoints could be relocated to remove this contraction, 

however, we wish to stay close to the best-fitting model and its assumptions.  There may 

be other approaches, such as adding a third segment.  These areas of contraction with low

strain and relatively high uncertainties and along the western border should not affect the 

location of the segment boundaries since they are chosen as a change in the gradient and 

not on the type of strain.

The average dilatational strain rate of the non-contracting areas in the eastern 
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domain is 1.02 ns/yr, or 0.72 ns/yr if the shortening areas are included.  Berglund et al. 

(2012) gives an average of 1.2 ± 0.2 ns/yr with their longer profiles, suggesting that the 

NE areas of low strain and relatively high uncertainties are not actually contracting.  The 

average dilatational strain rate for the western domain is 3.4 and 3.2 ns/yr, without and 

with contracting areas, respectively.  Excluding areas of contraction, the average second-

order strain-rate-tensor invariant is 2.0 ns/yr in the eastern domain and 5.7 ns/yr in the 

western domain (Figure 7).  The three adjustments to the breakpoints described above 

have little effect on the average strain rates in the domains.  The dilatational strain rates 

for the best-fitting model are essentially the same at 3.1 and 3.4 ns/yr in the western 

domain, including and excluding contractual areas, respectively, and 1.05 and and 0.71 

ns/yr in the eastern domain, including and excluding contractual areas, respectively.  

These differences in strain rates illustrate that while the area, as a whole, is weakly 

extending, the magnitude of strain is approximately 3 times greater in the western domain

compared to the eastern domain.

Deformation in both domains is predominately extensional and east-west directed.

There is some variation in the direction of extension.  To the east of the domain boundary,

in the CP region the extension is slightly to the SW, perhaps showing the influence of the 

gravitational potential energy gradient (Flesch and Kreemer, 2010) from the CP to the 

lower elevation SBR.  West of the boundary zone near the latitudes of the NASB, 

extension is directed more northwesterly.  In the far northwest, the style of deformation is

more transtensional where the study area includes the southern extent of an area of left-

lateral shear (Brumbaugh, 1987, Kreemer et al., 2010b).  The direction of extension is in 

partial agreement with the focal mechanisms in the NASB (Figure 7).  Both the focal 
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mechanisms and extension directions have variability.  The velocity profiles span 

hundreds of kilometers and local variations in strain will be averaged out.  This averaging

and existing faults that are not perpendicular to the extensional direction may explain 

some of the mismatch.  The area of higher strain and extension direction located along 

the northern part of longitude W113o corresponds well with the Hurricane and Seiver-

Toroweap fault zones that have been active in the Holocene (Figure 7, Figure 9).

4.4  Variations within and between Domains

The northern part of the higher-strain-rate, western domain includes the 

seismically active southern ISB and NASB and a moderate density of Quaternary faults, 

while the southern part of the western domain includes the SDB which has lower 

seismicity and few Quaternary faults.  The lack of surface evidence of brittle failure in 

the SDB suggests that this strain may be accommodated through another process.  Crustal

thicknesses in the SDB are approximately 28 km, thinning to 24 km near the San Andreas

Fault system (SAFs).  Most of the crustal thinning in the SDB occurred during the 

Oligocene and Miocene, and resulted in tilted strata above detachment faults (Spencer 

and Reynolds, 1989; Kruger et al., 1998, Arca and Johnson, 2010; Arca, 2009) (Figure 

S4).  Post mid-Miocene faulting (Menges and Pearthree, 1989) furthered extension, 

although evidence for late Miocene and younger faulting is limited in western Arizona 

(Spencer and Reynolds, 1989).  Existing, mature faults that have undergone large 

displacements in the past may behave weakly (Axen, 1992; Holdsworth et al., 2001) and 

in the SBR and SDB some portion of the strain the may be released aseismically.  If 
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brittle failure occurs, it may be distributed throughout the extended crust such that surface

ruptures are small and/or dispersed and difficult to locate.  

Another possibility is that large earthquakes on the SAFs, which can reverse 

extension and place the SBR under shortening conditions temporarily (Kreemer et al., 

2015; Broermann et al., App. B in this dissertation), and the SBR in an oscillatory 

extension-compression pattern such that strain does not accumulate to the point of brittle 

failure or brittle failure is inhibited.  Using the SoSAF rupture model of a hypothetical M 

7.8 earthquake on the southern San Andreas Fault system (Aagaard et al., 2007), our 

preliminary results indicate that parts of southwestern Arizona can be in a shortening 

state for several decades (Figure S5).  

Menges and Pearthree (1989) proposed that the SDB and ICPB behave stably 

with deformation taking place in surrounding corridors based on the relative lack of 

Quaternary faults. In this case, strain would accumulate in the SDB but would eventually 

be released by deformation outside of the SDB.  This may apply if the strain in the SDB 

is from surrounding block edges, but if the SDB strain is from basal tractions, 

deformation outside of the SDB may not release strain within the SDB.  Normal faulting, 

such as the Sonoran 1887 earthquake can also lead to periods of shorting in the SDB 

(Broermann et al., App. B in this dissertation), but the recurrence intervals for that region 

are much longer, on the order of several 10 ky to 100 ky (Pearthree, 1998).  In the 

northern part of the western domain, the less extended and thicker crust of the western 

CP, relative to the SDB, has higher occurrence of brittle, permanent deformation, 

consistent with the greater strain rates.

The southern part of the of the eastern, lower-strain-rate domain, includes the 
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Quaternary faults of SE Arizona and SW New Mexico.  This area experienced a Mw 5.3 

earthquake on June 29, 2014 along the Arizona – New Mexico border near latitude 

N32.5o (Figure 7), and is just north of the 1887 Mw 7.5 (Suter, 2008) Sonoran earthquake

(Figure 9d).  In this respect, the southern halves of the east and west domains behave 

oppositely as expected, with the higher-strain-rate western domain showing less evidence

of faulting and seismicity than the lower-strain-rate eastern domain.  However, the 

southern part of the eastern domain, has relatively higher strain rates, than the northern 

part of the eastern domain.  At latitude N32o between longitudes W108o and W110o, the 

dilatational strain rate is about 1.6 ns/yr, about 60% greater than the average.  The Rio 

Grande Rift, with a concentration of Quaternary faults is also located in the eastern 

domain and is considered to be undergoing distributed deformation rather than strain 

focused on the rift (Berglund et al., 2012), implying that either that the strain rates were 

higher in the past or, that even under the lower strain rate conditions, faulting occurs.

4.5  Quaternary Fault Slip Rates and Geodetic Rates

Cumulative slip rates calculated by summing from USGS et al. (2006) and 

Pearthree, 1998)1 slip-rate data along 0.1 degree east-west swaths (Figure 9) are assumed 

to be upper bound rates.  Slip rates for individual faults as given by USGS et al. (2006) 

and Pearthree, 1998)1 are categorized as < 0.2 mm/yr, < 0.02 mm/yr, etc.,   implying that 

the estimated slip could be less than the given value, but not greater.  Paleoseismic 

studies encounter uncertainty in the dating and measured offset of strata leading to 

uncertainty in determining slip rates (e.g. Wallace, 1987; Stenner et al., 1999; McCalpin, 
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2009).  Given the assumption of an upper-bound slip rate, the uncertainties involved with 

determining slip rates, and our assumption of 45o, moderately dipping faults, the 

cumulative slip rates summed over approximately 1000 km show some interesting 

relationships to the time-invariant GPS velocities.  The expectation would be that the 

Quaternary slip rate would exceed the GPS rate and this is the case for the westward 

motion south of latitude N32o and between N35o and N37o.  However, there is a large 

discrepancy in westward motion between N33o and N35o where the GPS rate exceeds the 

geologic rate by almost 3mm/yr, which is not easily explainable.  In fact, the smallest 

geologic rates and numbers of faults are found near the same latitude as the largest 

geodetic rates.  Comparing the north-south slip rates with GPS velocities is more difficult

due to the changing azimuths of the faults and cancellation of north- and south-directed 

slip along the swaths, but the comparisons appear similar to those of the west motions, 

which are always positive.

The northern extent of the SDB is N34o and the GPS velocities increase 

approximately 1.2 mm/yr from east to west across the SDB.  If all of this increase in GPS

velocity was accommodated through aseismic deformation or deformation that is not 

observable as surface ruptures in the SDB, the discrepancy would narrow to 1-2 mm/yr, 

but still exceed the geologic rate.  There is a possibility that the geodetic rates are 

artificially high as a result of removing the effects of past earthquakes.  At site P623, 

located at approximately longitude -114.599 and latitude 34.189 (Figure 10), our west 

velocity is approximately 0.15 and 0.62 mm/yr greater than that found by Berglund et al. 

(2012) and Kreemer et al. (2010), respectively.  This would narrow the gap between 

geodetic and geologic rates; it would not, however, explain the low number of fault 
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scarps encountered during the summation along the transect.  The results of Kreemer et 

al. (2010) and Berglund et al. (2012) are from GPS data before the 2010 El Mayor – 

Cucapah earthquake and use different stable North American reference frames; it is not 

clear what adjustments were made for the 1992 Landers or 1999 Hector Mine 

earthquakes.  If they did not, our velocities, which include adjustments for east-directed 

postseismic deformation from those two events, would be expected to be higher.

The assumption of planar, 45o dipping faults could factor into the discrepancy.  If 

a lower dip of 30o is assumed, then the horizontal geologic rate would be increased by a 

factor of 1.7.  This lower dip would increase a 2 mm/yr rate to 3.4 mm/yr and bring the 

geologic rates into the range of the geodetic rates, except for the area between N33.5o and

N34o, where the number of observed faults is small.  For a given extension rate, 

movement on shallower dipping faults also would tend to produce smaller scarps.  The 

Sand Tank fault (Figure 7d) is one of the smaller scarps with 1 – 2 m offset (Pearthree, 

1983), and is located in the SDB that has a history of detachment faulting.  The 

relationship between extension and vertical offset under the conditions of listric fault 

geometries becomes more complicated.  Poblet and Bulnes (2005) use the physical 

models of listric normal faults of Dula (1991) and Mitra (1993) and compare various fault

geometric parameters, such as fault displacement, heave and throw with extension.  For 

the lower levels of extension tested, Poblet and Bulnes (2005) find fault throw (vertical 

offset) underestimates extension by about 25% with the Dula (1991) model and by about 

75% with the Mitra (1993) model.  How applicable the-small scale clay analog models 

are to crustal-scale listric faults is not known.  However, as with a shallower planar fault 

dip, listric-fault geometries may lead to less fault scarp development with a given 
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horizontal extension rate and the scarps may be more difficult to locate.

Although the strain rates imply predominately east-west extension, there may be 

unrecognized strike-slip faults that affect the geologic rates.  For example, Singleton 

(2015) found evidence for post ~11 Ma strike-slip faults at the Buckskin-Rawhide 

metamorphic core complex near longitude W113.75o and latitude N34o.

Ricketts et al. (2014), using calcite-filled extension veins, find localized, high 

Quaternary extensional strain rates near latitude N34.68o, north of the Socorro magma 

body (SMB).  The SMB is centered approximately at N34.25o, in the latitude range of 

slip-rate and GPS-velocity discrepancy.  Reiter et al. (2010) consider the SMB to have 

been in existence since 1 - 3 Ma, and to be a mafic sill complex fed through narrow dikes.

Berglund et al. (2012) did not find focused extension in the Rio Grande Rift area; 

however, extension may have occurred near the SMB in the past that did not result in 

fault scarps that are observable today, leading to a smaller slip-rate sum.  As with the high

strain rates and lack of Quaternary faults in the SDB, the discrepancy in fault slip rate and

GPS velocities does not have a clear answer.

1 Slip rates are from table on pages 2-5.

4.6  Removing SAF Effect

After removing the crustal motion associated with the Cerro Prieto Fault (CPF), 

the GPS velocity field (Figure 10e) shows a residual E-W trend, indicating the plate 

boundary, modeled as a simplified locked fault in this area, has a limited effect on the 
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velocity field.  This implies that extension, rather than shear from the locked fault, is the 

predominate mode of deformation.  Using the assumption that periodic slip on the CPF 

will prevent permanent deformation in the SBR, removing the crustal motion associated 

with the CPF reduces the westward velocities below the cumulative geologic slip rate 

(Figure 9b and 9c).  Applying this simplified model to the GPS velocities used in 

comparison to slip rates is only practical when the sites are on a line perpendicular to the 

CPF, from N32.5o to the south.  This brings the small, southern part of the comparison 

more in line with the expectation that, using the upper limit of slip rate and moderately 

dipping faults, the geologic rate would exceed the GPS velocity.  Extending the model 

past N32.5o probably over estimates the effect of the San Andreas Fault system in this 

area due to the decrease in slip rates north of the Cerro Prieto segment.  The full extent of

the effect of the locked plate boundary would require a more detailed model that includes 

slip rates of the Imperial, Brawly and other major faults of the San Andreas Fault system, 

including tensile slip rates (e.g. Spinler et al., 2015)  The average site velocities for three 

sites, calculated over ~ 188 years, that includes the coseismic and postseismic 

deformation for eight earthquakes surrounding the study are also shown on Figures 9b 

and 9c (Broermann et al., App. B in this dissertation).  These western average velocities 

closely follows the velocities after the removal of the CPF motion north of N32.5o and do

not completely eliminate the discrepancy.

Site P796 has high uncertainty in velocity after correcting for EMC post-seismic 

effects, but it is interesting to note that, after removing the modeled shearing motion of a 

locked strike-slip fault, site P796 has a WSW-directed velocity which is consistent with 

the N39W trending Algodones Fault zone (Figure 10e) that has been interpreted to have 
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predominately normal displacement (Pearthree, 1998).  The more southerly velocity 

could be the result of extension in the Cerro Prieto basin at the northern end of the CPF or

indicating overall transtension on the CPF.  Site PTAX on the western side of the plate 

boundary has a residual velocity directed toward the Cerro Prieto basin; however, it is 

located only about 1 km from the EMC the rupture zone and its velocity estimate may be 

affected by unmodeled after-slip that is thought to have lasted up to 6 years after the 

EMC event (Samsonov et al., 2017).  Sites PLTX and PLPX that have velocities of 

approximately 38 mm/yr, in a stable North American reference frame are reduced to less 

than 1mm/yr after removing the modeled shear, showing that the locked-fault model is 

behaving close to as expected for both east and north components on the west side of the 

plate boundary.

5  Conclusions

The velocity profiles and linear segments used in this study proved to be an 

effective way to estimate strain in weakly deforming areas on the order of 1 - 10 ns/yr.  

The statistically significant breakpoints dividing the east component of the latitudinal 

profiles into eastern and western segments were used to represent an approximately 1000-

km-long physical deformation boundary between a relatively lower-strain-rate eastern 

domain and a relatively higher-strain-rate western domain.  There is some uncertainty in 

the location of the boundary that is difficult to quantify, and strain likely changes 

gradually between domains.  Therefore, the east and west domains are separated by a 

boundary zone which we define as 100 km wide.  Adjustments made to the best fitting 
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location of the breakpoints in the Vee profiles to reduce large strain rates between 

segments lie within this boundary zone area.  Using this method, portions of the domains 

are shown to be in contraction, although these areas are generally where uncertainties in 

the velocity gradients are relatively large compared to the velocity gradients.  These areas

are probably not in contraction, as other studies indicate (Berglund et al., 2012), but 

rather show a limitation of the procedure.  Strain within both domains is predominately 

extensional in an east-west direction. The western domain has average strain rates 

roughly three times greater than the eastern domain.  On a larger, continental scale, the 

deformation domains may reflect the diffuse partitioning of strain from the craton toward 

the plate boundary.

In the north, the domain boundary generally follows the tectonic boundary of 

Brumbaugh (1987) and the boundary of the Colorado Plateau interior block (Menges, 

1983; Menges and Pearthree 1989).  In the south, the boundary lies east of the Sonoran 

Desert Block.  Higher densities of Quaternary faults and greater rates of seismicity are 

found in the northern part of the western domain.  However, the western domain also 

includes the SDB in which few Quaternary faults are found.  The relatively high strain 

rates in this area of deformation are difficult to reconcile with minimal evidence of 

Quaternary faulting and low levels of historical seismicity, but could be related to the 

extensional history or large-magnitude earthquakes at the plate boundary that delay and 

or dampen brittle failure.

Cumulative Quaternary fault slip rates at the latitudes of the SDB also show a 

discrepancy of low geologic rates and higher geodetic rates, which is essentially the same

incongruity of current geodetic observations and the geologic record as above.  Fault 
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geometry may play a role whereby moderate and shallower dipping faults may result in 

less visible offset at the surface.  Other deformation, such as past high strain rates in the 

area of the SMB (Ricketts et al., 2014) may have locally resulted in lower slip rates on 

Quaternary faults.  Currently undetected strike-slip faulting within the interior of the SDB

may also be a factor in this discrepancy.  Removing the velocities associated with a 

locked Cerro Prieto fault at the plate boundary reduces some of the discrepancy in the 

southern part of the area as do the average site velocities (Broermann et al., App. B in this

dissertation).  The remaining discrepancy suggests that there are other factors that 

contribute to the differing geodetic and geologic rates.
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7 Figures and Supplemental Figures

Figure 1a.  Study area with physiographic and tectonic features. Plate boundary: thick 
red, Quaternary faults: thin red, Crustal thickness contours (km) (Laske et al., 2013): light
blue Arizona Transition Zone: ATZ, Cerro Prieto Fault: CPF, Colorado Plateau: CP, 
Intermountain Seismic Belt: ISB, Northern Arizona Seismic Belt: NASB, Rio Grande 
Rift: RGR, Socorro magma body: SMB.  Earthquake epicenters (US Geological Survey, 
2017) shown as gray circles.  Brown lines are outlines of Colorado Plateau Interior Block
(CPIB) and Sonoran Desert Block (SDB).
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Figure 1b. Topography with GPS site locations shown as triangles. PBO: red, campaign: 
black, EarthScope sites installed as part of this study: green, CORS and other sites: blue.
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Figure 2.  GPS site velocities and predicted velocities from profiles.  EarthScope sites: 
green, PBO: red, campaign: black, predicted velocities: dark red.  Dashed line: outline of 
Colorado Plateau, dot-dashed line are state boundaries.

Figure 3.  Latitudinal velocity profiles (P32 denotes latitude 32o north, etc.).  Data colors 
are the same as Figure 2.   Linear model: blue dashed line.  Blue text is velocity gradient 
in ns/yr with ± 2 sigma with west segment on left side and east segment on right side.  
Vertical axis is mm/yr and horizontal axis is degrees of longitude.  Velocity component is 
denoted with Vee for (a) rate of change of east component with respect to east direction 
Vne for (b) rate of change of north velocity with east direction.
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Figure 5. Adjustments to best fitting breakpoints.  (a) Latitudinal profiles P32 and P38 Vee

and (b) longitudinal profile P111 Vnn.
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Figure 6. Dilatational strain rate. Dashed black line connects Vee profile segment 
boundaries, stippled area shows ±50 km zone.  Quaternary faults: brown, plate boundary: 
thick blue, gray blocks are areas of no data.  Light gray lines show borders of Colorado 
Plateau, Arizona Transition Zone and Northern Arizona Seismic Belt, light-green lines 
show Colorado Plateau Interior Block and Sonoran Desert Block, medium gray contours 
show crustal thickness (km) (Laske et al., 2013).  Triangles are GPS sites as in Figure 1.
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Figure 7. Strain rate invariant as total strain with strain crosses and focal mechanisms.  
Dashed red line connects Vee profile segment boundaries, stippled area shows ±50 km 
zone.  Light blue and dark blue arrows show direction of maximum extension and 
contraction, respectively.  Quaternary faults: yellow, light red lines show borders of 
Colorado Plateau, Arizona Transition Zone and Northern Arizona Seismic Belt, light-
green lines show Colorado Plateau Interior Block and Sonoran Desert Block.  Dark blue 
is an area of no data.  Focal mechanisms are from Kreemer et al. (2010a, supplemental 
material), USGS ANSS CatCom (US Geological Survey, 2017), Lockridge et al. (2012), 
Eberhart-Phillips et al. (1981) and Global CMT (Dziewonski et al., 1981, Ekstrom et al., 
2012)
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Figure 8. Strain style.  Red, white and blue areas indicate predominately extensional, 
strike-slip and contractional strain respectively and are notated as C-SS-E on the color 
bar.  Strain crosses show maximum directions of extension and contraction as yellow and 
black, respectively.  Contours are the total strain shown in Figure 7 and strain cross scale 
shows total strain of 3 ns/yr.  Gray is an area of no data.  Focal mechanisms cited in 
Figure 7
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Figure 9.  Quaternary faults and cumulative slip. (a) Number of Quaternary faults in 0.1 
degree swaths. (b-c) Gray line is cumulative slip along 0.10 degree east-west swaths and 
is a filled area when a range of slip rates are given, black line with error bars are GPS 
velocities in shaded gray area of (d), green line is GPS velocity with CPF shear removed, 
dashed where not perpendicular to CPF, dark red line is calculated velocity from profile 
intersections, blue squares are average site velocities for sites BLYT, P623 and GMPK. 
(d) Quaternary faults with key above.  Fault/Fault zones labeled on map.  H: Hurricane, 
TC: Sevier/Toroweap central section, BC: Big Chino, HR: Horseshoe Reservoir, ST: 
Sand Tank, SF: Safford, SR Santa Rita, S Sonoran.
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Figure 10.  GPS velocities with Cerro Prieto Fault (CPF) shear removed. (a-d) simplified 
dislocation model of Cerro Prieto Fault (red) and GPS velocities with 2-sigma 
uncertainties, blue symbols have site names above symbol.  (b) and (d) show zoomed in 
view.  (e) GPS velocities: gray, dislocation model: red, velocities with CPF shear 
removed: dark green.  Light green velocities are for P796 and PTAX discussed in text. 
Shaded area indicates velocities without CPF shear shown in Figure 9.
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SUPPLIMENTAL FIGURES

Figure S1.  Dilatational strain rate of best fitting segments.  Same as described by Figure 6.
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Figure S2.  Strain rate invariant as total strain with strain crosses of best fitting segments and focal 
mechanisms.  Same as described by Figure 7.
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Figures S3. Strain style of best fitting segments. Same as described by Figure 8.
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Figure S4.  Mid-Tertiary tilt domains (Spencer and Reynolds, 1989): single line hachure, minor 
extention at surface: two line hachure,  Sonoran Desert Block (Menges and Pearthree, 1989): blue line. 
Geologic Map of Arizona (Arizona Geologic Map Online, 2000). 
(www.azgs.az.gov/services_azgeomap.shtml).
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Figure S5.  a) Coseismic displacements from SoSAFE model. b) Coseismic and post seismic 
displacements: CPS,  and background secular velocities: BT in NA12 reference frame, BT + CPS : PO. 
PO is predicted displacements in NA12 reference frame including effects of earthquakes. Velocities are 
average velocities using beginning and ending positions.
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