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ABSTRACT 
 

 
This dissertation investigates the crustal structure of the eastern Basin and Range 

Province in the western United States and its relationship with the present-day 

extensional regime governing this region.  The use of combined results from different 

geophysical methods provide a better understanding of the subsurface crustal structure 

and the processes involved in this extensional deformation.  

Teleseismic receiver functions were used to create a uniformly sampled map of 

the crustal thickness variations and stacked images of the crust beneath the majority of 

the state of Utah, which provide additional constraints on the seismic characteristics of 

the crust and upper mantle.  These results reveal crustal variations characterized by a 

distinct change in crustal thickness that closely follows the surface trace of the Wasatch 

fault, with differences in depth of up to 10 km across a distance of less than 55 km.  

  Analysis of seismic reflection profiles, horizontal and vertical crustal velocities 

from continuous GPS, and surface geology provide new constraints on the relationships 

between interseismic strain accumulation, subsurface fault geometry, and geologic slip 

rates on seismogenic faults.  Seismic reflection data show recent activity along high-

angle normal faults that become listric with depth, sole into preexisting décollements, 

reactivating them, and appear to be connected at depth with a regionally extensive 

detachment horizon.  GPS data reveal present-day crustal extension of ~3 mm/yr and no 

net vertical motion between the Colorado Plateau and eastern Basin and Range.  Inverse 

modeling results of the crustal deformation data include a low-angle dislocation (~8-20°) 

at a locking depth of ~7-10 km, consistent with the interpreted seismic data, and slipping 
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at 3.2±0.2 mm/yr, suggesting an active regionally extensive sub-horizontal surface 

beneath the eastern Basin and Range.  A test of this hypothesis using seismic data 

interpretation as the basis for a forward strain accumulation model shows that 

displacement across a deep low-angle detachment imaged seismically is also consistent 

with geodetic velocities.  Seismic and geodetic data support a model for eastern Basin 

and Range mechanics wherein diffuse permanent strain of the upper crust by multiple 

discrete faults is facilitated by displacement along a single low-angle detachment at mid-

crustal depth.  
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INTRODUCTION 

 
The tectonic history of the western U.S. is characterized by a complex series of 

geologic episodes that vary from compression to extreme extension.  Specifically in Utah, 

these tectonic events have divided the state into distinct geologic provinces.  To the west, 

the eastern Basin and Range is characterized by high heat flow, Eocene-Pliocene mafic 

magmatism, thin crust and relatively high elevations (Parsons, 1995).  In contrast, to the 

east, the Colorado Plateau and Middle Rocky Mountains appear to have a relatively 

competent lithosphere with high apparent elastic thickness (e.g., Lowry et al., 2000).  

These differences are defined by a distinct boundary between the provinces, which is 

thought to have been a region of weakness in the crust since at least the middle Proterozic 

(Stewart, 1980; Hintze, 1988; Burchfiel et al., 1992; Van Schmus et al., 1993).  It has 

been suggested that this part of the western U.S. was formed by a series of tectonic events 

related to continental accretion, in which island and continental arcs, along with marginal 

basins, were added to North America during the Proterozoic to form the supercontinent 

Rodinia (e.g., Condie, 1982; Karlstrom et al., 1999, 2001).  The western margin of 

Rodinia is argued to have rifted away at 650 Ma (e.g., Karlstrom et al., 1999), forming 

the present-day western edge of cratonic North America; marine Paleozoic and Mesozoic 

units deposited on the Colorado Plateau indicate that this region was at or near sea level 

for the next ~500 Ma (Spencer, 1996).  The present-day geologic features observed in the 

study area are the result of a more recent series of tectonic events, which are defined by 

the evolution of the Cordilleran orogen.   
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The western Cordillera developed during the Late Jurassic in response to 

subduction of the oceanic Farallon plate beneath the North American continental plate 

(Dickinson, 1976).  During late Cretaceous to Eocene, the Laramide orogen was thought 

to be an Andean-type compressive arc (DeCelles, 2004).  The resultant shortening led to 

crustal thickening and rise of the Laramide orogenic welt to high elevations (Coney and 

Harms, 1984) with fault-bounded, basement-cored uplifts separated by sediment-filled 

basins.  During this period, the slab is thought to have been subducting at low angle (e.g., 

Dickinson and Snyder, 1978) leading to limited subduction-related magmatism.  

Synchronously, about 52 Ma, as a consequence of the oceanic plate break-up, a rapid 

drop in North America–Pacific plate convergence rate and/or retreat of the subducted 

oceanic slab resulted in a large reduction in east-west horizontal compressive stress in the 

Cordillera.  The tectonic regime from ~50 to 20 Ma represented a shift from low-angle 

subduction and back-arc compression to normal subduction and back-arc extension 

(Zoback et al., 1981) along with extensional collapse in the Basin and Range province.  

The localization of the back-arc and back-transform extensional setting in the Basin and 

Range would have caused the crust to thin (Constenius, 1996) from about 60 km, post-

Laramide orogeny, to about 30 km, in the current Basin and Range (Coney and Harms, 

1984).  The gravitational collapse of an overthickened crust that developed after the 

Laramide orogeny (e.g., Zandt et al., 1995) was then followed by rapid exhumation, 

developing core complexes with extreme extension across the entire width of the Basin 

and Range (Dickinson, 2002).  Sonder and Jones (1999) proposed that the potential 

energy from a thickened crust was needed for extension in the northern Basin and Range. 
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However, they concluded this potential energy would have been insufficient on its own 

and must have been followed by the removal of mantle lithosphere and/or any attached 

slab that was present.  Upwelling would follow the removal of material and could explain 

the high heat flow and asthenospheric source of basalts in the region (Gilbert and 

Sheehan, 2004).  Contemporary Basin and Range extension started ~18-16 Ma producing 

regional subsidence, block faulting and crustal thinning, accompanied by increasing heat 

flow and bimodal volcanism (Dilek and Moores, 1999).   

As a consequence of the complex Cenozoic tectonic history, the characteristics of 

the crust in the Basin and Range significantly differ from the Colorado Plateau and 

Middle Rocky Mountains.  The transition zone between the eastern Basin and Range and 

Colorado Plateau and Middle Rocky Mountains in the state of Utah appears to be well 

defined at the surface, most prominently expressed along the Wasatch Fault and 

associated mountain front.  However, at depth the boundary between these provinces may 

not be as distinct as observed at the surface.  Several crustal thickness maps that illustrate 

general seismic characteristics across the western U.S. have been developed in the past 

(e.g., Braile et al., 1974, Pakiser, 1989; Gilbert and Sheehan, 2004).  In this study, 

teleseismic receiver functions obtained from a combination of the enhanced spatial 

density of the USArray Transportable Array with existing regional long-running 

broadband stations were used to create a uniformly sampled map of the crustal thickness 

variations and stacked images of the crust with the goal of providing further constraints 

on the variations of crustal structure beneath the majority of the state of Utah.  A method 

to stack receiver functions recorded by multiple stations that, in some cases, sample the 
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same subsurface (Gilbert and Sheehan, 2004) was used to create images of the crust and 

uppermost mantle.  With this method, the signal-to-noise ratio is improved and small 

amplitude features can be resolved, leading to high-resolution images of crustal structure 

(e.g., Crosswhite and Humphreys, 2003; Wilson et al., 2003).  By taking advantage of the 

lateral coherence between receivers, reflection-style images of discontinuities in crust and 

mantle seismic wave speeds are produced.  This stacking technique was used to further 

investigate the seismic characteristics of the crust and uppermost mantle in the transition 

zone between the eastern Basin and Range and Colorado Plateau and Middle Rocky 

Mountains in Utah.  An important limitation of receiver function analysis is the trade-off 

between discontinuity depth and seismic velocities. Receiver functions are sensitive to 

Vp/Vs and impedance contrast rather than absolute seismic velocities.  Therefore, in 

regions with clear converted wave reverberations, the analysis of the trade-off between 

crustal thickness and bulk Vp/Vs was used to improve the view of how crustal thickness 

and Vp/Vs relate to different tectonic environments.  Together, these observations are 

used to make better seismic images of the crust and provide additional constraints on 

composition and rheology that are essential to characterize the crustal structure in relation 

to the geology and tectonic evolution of the region. 

According to published Global Positioning System (GPS) results (e.g., Dixon et 

al., 2000; Bennett et al., 2003), the northern Basin and Range Province is accommodating 

nearly 25% of the ~50 mm/yr of relative horizontal motion between the Pacific and North 

America plates.  The eastern Basin and Range, specifically, is currently experiencing 

~3 mm/yr of tectonic extension over a ~350 km-wide region (Bennett et al., 1999, 2003, 



 14 

2007; Friedrich et al., 2003; Niemi et al., 2004).  The Wasatch fault represents the 

structural transition with the Colorado Plateau and is considered the major presently 

active structure (e.g., Savage et al., 1992; Martinez et al., 1998; Chang et al., 2006) 

contained in the Intermountain Seismic Belt (Smith and Sbar, 1974; Smith and Arabasz, 

1991).  This fault appears to be segmented along strike (e.g., Schwartz and Coppersmith, 

1984; Wheeler and Krystinik, 1992; McCalpin et al., 1994; McCalpin and Nelson, 2001), 

of which, according to seismic reflection profiling, these distinct active segments at the 

surface appear to coalesce at depth into a main basal detachment that allows interaction 

with other normal faults to the west (e.g., Wilson and Presnell, 1992; Constenius, 1996).  

Many other mapped faults west of the Wasatch Front are also presently active (e.g., 

Caskey et al., 1996; Colman et al., 2002; Friedrich et al., 2003; Niemi et al., 2004), 

evident by their surface expressions and slip histories, however, these faults appear to 

accommodate a significantly smaller fraction of the total eastern Basin and Range slip 

budget than the Wasatch fault.  

Although most of its present day deformation is concentrated at its eastern 

margin, the Basin and Range has been extended by up to 200% since the late Oligocene 

(Proffett, 1977; Hamilton, 1978; Wernicke et al., 1988; Jones et al., 1992) involving 

numerous normal faults.  In some cases, this large-scale Cenozoic crustal extension has 

exhumed midcrustal rocks from 10-20 km depth (Anderson, 1971; Armstrong, 1972; 

Wright and Troxel, 1973; Wernicke, 1981; Wernicke et al., 1988; Satarugsa and Johnson, 

2000) along low-angle detachment faults that evolved into metamorphic core complexes 

(e.g., Davis and Coney, 1979; Crittenden et al., 1980; Spencer, 1984; Coney and Harms, 
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1984; Spencer and Chase, 1989).  In other cases, normal faults are thought to be 

reactivated structures from the Sevier fold and thrust belt (e.g., Mohapatra et al., 1993; 

Constenius, 1996; Coogan and DeCelles, 1996; Mohapatra and Johnson, 1998; 

Constenius et al., 2003).  The latter structures mostly involve high-angle normal faults, 

~50-60°, that become listric at depth and could flatten to ~10-20° at depths as shallow as 

4-6 km (Mohapatra and Johnson, 1998).  In most cases, these structures are already low-

angle above the brittle-ductile transition zone, which is ~8-12 km below the surface in the 

eastern Basin and Range (e.g., Stewart, 1978; Eaton, 1982; Smith and Bruhn, 1984), and 

may sole downward into a main detachment at even greater depths (e.g., Constenius, 

1996). 

Understanding subsurface fault geometries and their relationship with structures 

observed at the surface is important for understanding fault-system mechanics.  While 

seismic reflection data can provide snap-shots of subsurface fault geometries, geodetic 

measurements of crustal motion can provide valuable constraints on the kinematics of 

continental crustal deformation, complementing geological maps, and geophysical 

images that can show subsurface structure.  

Interpretation of geodetic measurements that represent interseismic strain 

accumulation is usually done by using crustal deformation models that relate two-

dimensional surface strain rate associated with the locked seismogenic parts of fault 

zones to the ductile strain patterns at subseismogenic depth.  However, these models do 

not directly constrain the slip rates on the locked parts of the faults (e.g., Savage et al., 

1992; Vergne et al., 2001; Bennett et al., 2007), nor do they unequivocally constrain the 
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deeper processes driving strain accumulation (e.g., Savage, 1990; Savage et al., 1999; 

Savage, 2000; Zatman, 2000).   Understanding how accumulated elastic strain might be 

converted into permanent slip on upper crustal faults, which is critical to the 

understanding of fault mechanics and seismic hazards, depends critically on the true 

subsurface fault geometry and rheological structure, which are typically only poorly 

known.  Continental normal faults may provide one of the best opportunities to 

investigate the pattern of mid- to lower-crustal strain and its relationship with upper 

crustal fault structure because the subsurface structure of the faults may be precisely 

imaged using geophysical techniques, primarily seismic reflection.  Moreover, both the 

hanging wall and footwall are often sub-aerially exposed, allowing for detailed geological 

mapping and precise geodetic surveying.  

The greater Wasatch fault zone in north-central Utah is an ideal location to 

investigate the relationship between active upper and middle crustal deformation 

processes owing to the wealth of geophysical and geological data bearing on the rates and 

patterns of ephemeral elastic strain accumulation within this zone, and the subsurface 

structure involved in accommodating extension over multiple earthquake cycles.  

However, surprisingly few studies have attempted to forge the link between 

geophysically imaged subsurface structure (e.g., seismic reflection profiles) and 

kinematic models of the interseismic crustal velocity field.  Niemi et al. (2004) studied 

crustal deformation through time for several faults within the Wasatch fault zone, 

comparing vertical fault slip rates representing late Quaternary and Holocene time 

periods, subsurface fault geometries from seismic reflection profiles, and geodetic 
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measurements of crustal velocity from continuous GPS.  They found that although late 

Quaternary fault displacement rates are consistent with the diffuse strain-rate field 

implied by the geodetic velocities, Holocene displacement rates are anomalously high on 

some faults.  These results are consistent with steady-state loading, presumably involving 

lower crustal strain accumulation at constant rate, with temporally heterogeneous strain 

accumulation in the brittle crust on ~10 kyr time scales.  The mechanism of steady 

middle-to-lower crustal strain accumulation and its relationship with the interseismic 

elastic strain field and distributed upper crustal faulting were not discussed in detail. 

In this study, a combination of geodetic and seismic reflection data shows that 

both datasets are consistent with a strain accumulation model in which high-angle upper 

crustal normal faults sole into a sub-horizontal basal detachment fault or ductile shear 

zone across which active aseismic displacement occurs.  This hypothesis is based on 

geologic observations and seismic reflection lines that indicate pervasive brittle 

deformation of the Wasatch fault hangingwall (e.g., Friedrich et al., 2003; Niemi et al., 

2004) and the correlation between the location and dip of a geodetically inferred 

dislocation plane with a seismically imaged basal detachment.  Additionally, tests of this 

low-angle detachment hypothesis were provided by first, presenting seismic reflection 

data from the Great Salt Lake area that build upon previous research regarding the 

activity of the East Lake and Carrington faults.  These faults, which initiate at high-angle, 

become listric with depth and may extend up to mid-crustal levels, are important 

components of the larger fault zone that includes the Wasatch fault and other active 

normal faults to the west.  The listric nature of these faults provides evidence for the 
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relationship between the high-angle of these structures at the surface and lower angle at 

depth.  Second, directly testing the assumption that slip across the seismically imaged 

detachment is consistent with the observed geodetic velocity field. 
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PRESENT STUDY 
 

The methods, results, and conclusions of these studies are presented in the papers 

appended to this dissertation.  The following is a summary of the most important 

findings in this document. 

The enhanced spatial density of the USArray Transportable Array, along with 

existing regional sites, was used to create a detailed map of crustal thickness variations 

across most of the state of Utah.  This map, along with stacked receiver-function images 

show lateral variations in the seismic characteristics of the eastern Basin and Range crust 

and transition to the Colorado Plateau and Middle Rocky Mountains.  To create such a 

detailed map, data was compiled from long-running broadband stations, some operating 

for over 15 years.  While the thinnest crust is ~26 km below the Great Salt Lake area in 

the eastern Basin and Range, the thickest crust is found beneath the Colorado Plateau 

(57 km).   

Crustal variations coincide with the Wasatch front, the surface expression of the 

eastern limit of extension in central Utah, where the transition from thin to thick crust 

appears to occur over as little as 20 km.  Latitudinal as well as longitudinal variations in 

crustal thickness are found throughout the study region.  In the southern portion of the 

study area the crust appears to thicken slightly towards the east.  In the central portion of 

the study area, the crust appears to gradually thicken to the east within the Colorado 

Plateau, suggesting that factors other than crustal extension contribute to crustal 

thickness.  However, to the north, there appears to be a dramatic change in crustal 

thickness from the thin eastern Basin and Range to the thicker Middle Rocky Mountains 



 20 

crust.  These results suggest that perhaps a compositional contrast might have been 

responsible for leading to extension.  This idea is also supported by the high Vp/Vs 

values observed in this area.  

The direct converted Moho phase beneath the Middle Rocky Mountains appears 

to be a single distinct phase; however, certain areas beneath the Colorado Plateau and 

Basin and Range appear to be more complex, suggesting either lower crustal layering or a 

gradational Moho.  Nevertheless, in certain areas beneath the eastern Basin and Range, 

characterized by high-amplitude Moho arrivals, a negative Ps arrival in the uppermost 

mantle defines a zone between 35 km and up to over 50 km depth with thickness of 10-15 

km.  This feature may indicate the presence of mafic partial melt in the upper mantle of 

this region. 

Within the eastern Basin and Range, the crust shows mid-crustal Ps arrivals that 

appear to correlate with mid-crustal structures observed on seismic reflection data or 

localized shear zones in the brittle-ductile transition zone.  The negative Ps arrival found 

within the Colorado Plateau and Middle Rocky Mountains middle crust may indicate a 

boundary between felsic and mafic compositions.  

Crustal Vp/Vs values in the eastern Basin and Range largely vary across this 

region with Vp/Vs greater than 1.8 in the southernmost and northernmost portions of the 

study area, and less than 1.65 in the Great Salt Lake area, showing an average of 1.76. 

Within the Colorado Plateau, areas with thick crust correspond to low Vp/Vs values and 

having an average of approximately 1.77.  The average Vp/Vs value for the Middle 

Rocky Mountains is approximately 1.78.  The Vp/Vs values observed for the Colorado 
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Plateau and Middle Rocky Mountains are consistent with a more mafic composition for 

the lower crust beneath these two provinces. 

Subsurface structure derived from seismic reflection data and crustal deformation 

from using jointly horizontal and vertical geodetic measurements provide new insights to 

how strain may be accommodated in the upper crust of the eastern Basin and Range. A 

new model for crustal structure and kinematics was developed based on seismic 

reflection evidence for subsurface fault geometries in central Utah at the Wasatch fault 

zone and a continuous twelve-year record of GPS measurements that show present-day 

strain accumulation in the eastern Basin and Range Province.  GPS modeling results 

combined with fault geometries derived from seismic reflection data are consistent with a 

regionally extensive low-angle basal detachment beneath the eastern Basin and Range at 

depths between 7-10 km.  These data support the conclusion that the shallower listric 

normal faults observed on the seismic data are reactivated Sevier-age structures that 

accommodate present-day extension of the eastern Basin and Range.  These structures 

may be connected at depth with a regionally extensive low-angle surface, thought to be 

accommodating aseismic slip at or above the brittle-ductile transition or ductile flow 

beneath the brittle-ductile transition zone under the present-day Basin and Range 

extensional regime. 

Seismic reflection data from the Great Salt Lake show evidence for offsets on 

basin-bounding and related antithetic faults that disrupt shallow sediments, adding new 

constraints about the tectonic activity beneath the Great Salt Lake in agreement with 

previously published results (e.g., Mohapatra and Johnson, 1998; Colman et al., 2002).  



 22 

Faults west of the Wasatch fault, including the East Lake and Carrington faults, have 

accommodated a large amount of displacement over time and still appear to be active.  

These faults have high-angle dip at the surface and become listric with depth, reactivating 

Sevier-age structures.  High-precision geodetic measurements along with seismic 

reflection data from the Great Salt Lake provide a means to contrast and compare patterns 

of active deformation.  While data from surface geology and seismic reflection profiles 

require diffuse permanent strain in the hanging wall, strain accumulated by a single active 

low-angle detachment can fit the observed velocity field derived from GPS.  The 

seismically derived model results obtained in this study are in agreement with the 

geodetically derived model presented previously, which implies that accumulated strain 

at mid-crustal levels is transferred to diffusely distributed upper crustal faults observed at 

the surface in the eastern Basin and Range.  
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I.  INTRODUCTION 

The tectonic history of the western U.S. is characterized by a complex series of 

geologic episodes that vary from compression to extreme extension.  In Utah, these 

tectonic events have divided the state into distinct geologic provinces (Figure 1).  To the 

west, the eastern Basin and Range is characterized by high heat flow, Eocene-Pliocene 

mafic magmatism, thin crust and relatively high elevations (Parsons, 1995).  In contrast, 

to the east, the Colorado Plateau and Middle Rocky Mountains appear to have a relatively 

competent lithosphere with high apparent elastic thickness (e.g., Lowry et al., 2000). 

These differences are defined by a distinct boundary between the provinces, which is 

thought to have been a region of weakness in the crust since at least the middle Proterozic 

(Stewart, 1980; Hintze, 1988; Burchfiel et al., 1992; Van Schmus et al., 1993).  It has 

been suggested that this part of the western U.S. was formed by a series of tectonic events 

related to continental growth, in which island and continental arcs, along with marginal 

basins, were accreted to North America during the Proterozoic to form the supercontinent 

Rodinia (e.g., Condie, 1982; Karlstrom et al., 1999, 2001).  The western margin of 

Rodinia is argued to have rifted away at 650 Ma (e.g., Karlstrom et al., 1999), forming 

the present-day western edge of cratonic North America; marine Paleozoic and Mesozoic 

units deposited on the Colorado Plateau indicate that this region was at or near sea level 

for the next ~500 Ma (Spencer, 1996).  The present-day geologic features observed in our 

study area are the result of a more recent series of tectonic events, which are defined by 

the evolution of the Cordilleran orogen.   
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The western Cordillera developed during the Late Jurassic in response to 

subduction of the oceanic Farallon plate beneath the North American continental plate 

(Dickinson, 1976; Burchfield et al., 1992).  During late Cretaceous to Eocene, the 

Laramide orogen was thought to be an Andean-type compressive arc (DeCelles, 2004).  

The resultant shortening led to crustal thickening and rise of the Laramide orogenic welt 

to high elevations (Coney and Harms, 1984) with fault-bounded, basement-cored uplifts 

separated by sediment-filled basins.  During this period, the slab is thought to have been 

subducting at low angle (e.g., Dickinson and Snyder, 1978) leading to limited 

subduction-related magmatism.  Synchronously, about 52 Ma, as a consequence of the 

oceanic plate break-up, a rapid drop in North America–Pacific plate convergence rate 

and/or retreat of the subducted oceanic slab resulted in a large reduction in east-west 

horizontal compressive stress in the Cordillera.  The tectonic regime from ~50 to 20 Ma 

represented a shift from low-angle subduction and back-arc compression to normal 

subduction and back-arc extension (Zoback et al., 1981) along with extensional collapse 

in the Basin and Range province.  The localization of the back-arc and back-transform 

extensional setting in the Basin and Range would have caused the crust to thin 

(Constenius, 1996) from about 60 km, post-Laramide orogeny, to about 30 km, in the 

current Basin and Range (Coney and Harms, 1984).  The gravitational collapse of an 

overthickened crust that developed after the Laramide orogeny (e.g., Coney and Harms, 

1984), was then followed by rapid exhumation, developing core complexes with extreme 

extension across the entire width of the Basin and Range (Dickinson, 2002).  Sonder and 

Jones (1999) proposed that the potential energy from a thickened crust was needed for 
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extension in the northern Basin and Range. However, they concluded this potential 

energy would have been insufficient on its own and must have been followed by the 

removal of mantle lithosphere and/or any attached slab that was present.  Upwelling 

would follow the removal of material and could explain the high heat flow and 

asthenospheric source of basalts in the region (Gough, 1984).  Contemporary Basin and 

Range extension started ~18-16 Ma producing regional subsidence, block faulting and 

crustal thinning, accompanied by increasing heat flow and bimodal volcanism (Damon, 

1971; Dilek and Moores, 1999).  As a consequence of this complicated tectonic history, 

the characteristics of the crust in the Basin and Range differ significantly from the 

Colorado Plateau and Middle Rocky Mountains.  While differences are evident at the 

center of each of the provinces, the differences at their boundaries are not as clear. 

The transition zone between the eastern Basin and Range and Colorado Plateau 

and Middle Rocky Mountains in the state of Utah appears to be well defined at the 

surface, most prominently expressed along the Wasatch Fault and associated mountain 

front.  However, at depth, the boundary between these provinces may not be as distinct as 

observed at the surface.  Several crustal thickness maps that illustrate general seismic 

characteristics across the western U.S. have been developed in the past (e.g., Braile et al., 

1974; Smith, 1978; Pakiser, 1989; Gilbert and Sheehan, 2004).  In this study, we attempt 

to provide a more detailed analysis of the seismic characteristics of the eastern Basin and 

Range and the transition to the Colorado Plateau and Middle Rocky Mountains.  We 

employ teleseismic receiver functions obtained from long-running broadband stations as 

well as relatively newly deployed broadband stations from the U.S. Array to create a 
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uniformly-sampled map of the crustal thickness variations and stacked images of the 

crust with the goal of providing further constraints on the variations of crustal structure 

beneath the majority of the state of Utah.  Despite the limited spatial overlap of our data, 

we utilized the Common Conversion Point (CCP) method to stack receiver functions 

recorded by multiple stations where, in some cases, sample the same subsurface area.  

With this method, the signal-to-noise ratio is improved and small-amplitude features can 

be resolved, leading to high-resolution images of crustal structure (e.g., Crosswhite and 

Humphreys, 2003; Wilson et al., 2003).  We also took advantage of the lateral coherence 

between receivers and produced reflection-style images of discontinuities in crust and 

mantle seismic wave speeds.  We applied this stacking technique to further investigate 

the seismic characteristics of the crust and uppermost mantle in the transition zone 

between the eastern Basin and Range and Colorado Plateau and Middle Rocky Mountains 

in Utah.  Additionally, in regions with clear converted-wave reverberations, we analyzed 

the trade-off between crustal thickness and bulk Vp/Vs to improve our view of how 

crustal thickness and Vp/Vs relate to different tectonic environments.   

 

II. DATA AND METHODS 

The data used in this study consist primarily of teleseismic recordings from 21 

long-running broadband permanent seismic stations from the University of Utah Regional 

Network (UU), U.S. National Seismic Network (USNSN), Colorado Plateau-Great Basin 

Network (XH), and 35 broadband stations from the USArray Transportable Network 

(new EarthScope stations) (TA).  Station coverage and recording history in this area is 
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particularly good, with 15 stations operating for over 15 years.  The combined 56 stations 

span primarily the state of Utah between the latitudes of 38°N and 42°N, and extend over 

the eastern Basin and Range Province and western boundaries of the Colorado Plateau 

and Middle Rocky Mountains (Figure 1).  

In order to analyze the structure of the crust and uppermost mantle beneath the 

eastern Basin and Range, Colorado Plateau and Middle Rocky Mountains, we computed 

teleseismic receiver functions with the iterative pulse stripping time domain 

deconvolution method (Ligorria and Ammon, 1999).  Here, receiver functions were 

calculated by deconvolving the vertical from the radial and tangential components and 

were used to isolate and identify P-to-S converted phases.  The time delay between the 

initial, first arriving direct P-wave and its associated converted phases is a function of the 

depth to the interfaces and wavespeed structure of the medium.  In particular, this study 

focuses on the P-to-SV (referred to here as Ps) converted phases of the radial component, 

which are the most sensitive to discontinuities in shear wave speeds in the crust and 

upper mantle. The original event data were band-pass-filtered to frequencies greater than 

0.02 Hz and a cut-off of 5 Hz.  During the deconvolution routine, a Gaussian a=5 value 

for the receiver functions, which is equivalent to a high-pass frequency of 2.5 Hz, was 

used to emphasize crustal thickness as well as intracrustal structures.  After each iteration 

the variance reduction of the calculated receiver function is related to the quality of the 

deconvolution, expressed as a percentage.  For our analysis we only used receiver 

functions with final variance reductions of over 80%.  Direct P sources were selected 

from epicentral distances between 25° and 95° for the Ps converted phases.  Prior to any 
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further processing, the amplitude of the Ps of each receiver function was normalized to 

the initial P pulse.  Observations presented here were made using over 16,000 radial 

receiver functions obtained from events chiefly concentrated around the Pacific Ocean 

subduction zones.   

Receiver functions can be interpreted geologically once mapped from time to 

depth.  Therefore, assuming a constant average Vp for the entire crust, and by measuring 

the moveout of the direct converted and reverberated receiver function modes, it is 

possible to estimate local depth and average Vp/Vs ratios between the surface and the 

discontinuities associated with each primary converted phase (e.g., Zandt and Ammon, 

1995).  In this study, we apply CCP stacking of receiver functions using a standard 2-

dimensional reference velocity model for ray tracing to produce an image of the crust and 

uppermost mantle back projecting receiver functions along their travel path.  Even though 

our data have limited spatial overlap at Moho depths, we were still able to generate high-

quality depth-migrated receiver-function transects.  Since lateral changes in seismic 

wavespeed affect arrival times, and thus migrated depths of converted phases, we tested 

for variations in wave speed using, also within the range of Vp values found in previous 

studies.    A first seismic characterization was produced using an average wavespeed of 

6.3 km/s for the eastern Basin and Range and 6.5 km/s for the Colorado Plateau and 

Middle Rocky Mountains, and a constant Vp/Vs of 1.80.  The wavespeed value was 

chosen from compilations of several refraction experiments and passive seismic studies 

in the area (Keller et al., 1975; Braile et al., 1989; Pakiser, 1989; Prodehl and Lipman, 

1989; Sheehan et al., 1995) and Vp/Vs value was chosen from the results of a preliminary 
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Vp/Vs analysis carried out by Gilbert and Sheehan (2004).   Additionally, applied an 

elevation static correction to sea level, in order to remove any effects from topographic 

differences between the provinces. 

By following the procedures described by Gilbert et al. (2003), geographically 

binning the ray set and performing CCP stacks of the receiver functions with limited 

spatial overlap, we obtained an image of the spatial variations in the depths to the Moho 

beneath the eastern Basin and Range, Colorado Plateau and Middle Rocky Mountains.  

Receiver functions were back-projected along their ray paths at 1 km depth intervals, and 

piercing point locations were tabulated relative to a grid of stacking bins (Gilbert and 

Sheehan, 2004), spaced 20 km apart (Figure 2).  For stations closely spaced, this results 

in sharing between adjacent bins at depth.  The amplitudes of receiver functions within 

each bin were linearly weighted as a function of the distance between their piercing 

points and the center of the bin.  Receiver functions were then corrected for moveout and 

migrated to their proper depth using the theoretical arrival time for a converted phase or 

its multiples (Wilson et al., 2003).  We then, constructed a three-dimensional image of 

crustal thickness by identifying the Ps converted phase from the Moho within each bin.  

We also examined the amplitude distribution of bootstrapped (Efron and Tibshirani, 

1986) receiver functions in the depth range from 25 to 55 km and picked and recorded 

their maxima.  Refer to Gilbert et al. (2003) for a full discussion of the bootstrapping 

algorithm.  In order to constrain the confidence in our picks, we used the median in the 5 

km depth range surrounding the mode (most frequently picked depth) of each 

distribution.  Table 1 shows Moho depth and Vp/Vs estimates at each grid-point location 
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and their respective 1-sigma.  Estimated depths with broad distributions, where 66% of 

the picks did not lie within 5 km of the median, were excluded.  The remaining depth 

estimates were fit to a finely sampled surface with 15 by 15 km grid spacing using the 

interpolation method of Sandwell (1987).  Analogous to Gilbert and Sheehan (2004), we 

also emphasize that the resulting stacked receiver functions represent average waveforms 

that accentuate laterally coherent features.   

Calculating Vp/Vs values depends both on the arrival time of the direct and 

reverberation phases (Zandt et al., 1995), and should be taken into account when 

analyzing crustal structure, because any error in either will affect Vp/Vs values.  

Therefore, in regions with clear converted wave reverberations we analyzed the trade-off 

between crustal thickness and bulk Vp/Vs to compare among different tectonic 

environments.  After determining these Vp/Vs values, the data were then remigrated 

using variable Vp/Vs values. 

 
III. CRUSTAL STRUCTURE OBSERVATIONS 

Within the state of Utah, crustal thickness obtained from our receiver functions 

varies significantly between the physiographic provinces (Figure 3).  We observe an 

irregular Moho topography characterized by a distinct decrease in crustal thickness 

towards the west, where the 35-km-thickness contour closely follows the surface trace 

outline of the Wasatch fault and boundary between the eastern Basin and Range and the 

Colorado Plateau further south.  While the thinnest crust is found in the eastern Basin and 

Range (~26 km), the Colorado Plateau exhibits the thickest crust, reaching up to ~56 km.  

Similar results have been obtained in other recent studies (e.g., Zandt et al., 1995; 
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Sheehan et al., 1997; Lastowka et al., 2001; Gilbert and Sheehan, 2004) where 

observations of changes in crustal structure between the Colorado Plateau and Basin and 

Range show a pronounced westward thinning of the crust.   

Crustal and uppermost mantle images obtained from the receiver-functions stacks 

are shown in Figure 5.  We present depth-migrated receiver-functions transects 

throughout the state of Utah, to contrast and compare the seismic characteristics of the 

eastern Basin and Range with respect to the Colorado Plateau and Middle Rocky 

Mountains. 

Additionally, a plot of broadband-station elevation versus crustal thickness at 

each broadband station (Figure 4) show a general positive correlation for the whole 

region.  Locally, in the eastern Basin and Range, an increase in surface elevation appears 

to generally correspond to an increase in crustal thickness, suggesting that perhaps 

isostatic support may provide at least part of the buoyancy forces to sustain elevation.  In 

contrast, the significant range of elevations observed in the Colorado Plateau appears to 

have no correlation with the largely variable Moho depth, suggesting a thick strong crust 

exists beneath the Colorado Plateau or that some of the compensation is due to a density 

variation in the mantle.  Several studies in this region have also found no correlation 

between crustal thickness and topography (e.g., Sheehan et al., 1995; Keller et al., 1998).  

 

Eastern Basin and Range  

The average crustal thickness observed from our receiver functions in the eastern 

Basin and Range is ~33 km (Figure 3).  However, variations of crustal thickness of up to 
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12 km are apparent, from ~38 km in the southern part of the region, to ~26 km, where the 

thinnest crust is found to lie beneath the Great Salt Lake area.  These values are in 

agreement with recently published results (e.g., Lastowa et al., 2001; Gilbert and 

Sheehan, 2004; Gashawbeza et al., 2008).  In our study, the majority of the eastern Basin 

and Range show similar seismic characteristics, where strong Moho arrivals (high 

amplitude) depict the boundary between lower crust and upper mantle.  In west-to-east 

cross-section A-A’ of Figure 5, the crustal structure appears to be generally uniform in 

thickness showing very strong Moho arrivals at depths just above 40 km.  Cross-sections 

B-B’ and C-C’ (Figure 5) implies similar seismic characteristics for the eastern Basin and 

Range, also showing strong Moho amplitudes with depths up to about 35 km.  A south-

to-north cross-section in the eastern Basin and Range (Figure 5, D-D’) also depicts strong 

Moho amplitudes with a latitudinal change in depth, from thinner crust found in the north 

part of the section, to thicker crust towards the south.  Crustal thickness variation from 

thinner in the north to thicker in the south has also been documented by a regional 

receiver-function study by Gilbert and Sheehan (2004), supported by our observations.  

Between 8- and up to 20-km depth, our receiver functions show a relatively strong 

negative Ps arrival (Figure 5, cross-sections A-A’, B-B’ and C-C’).  It is possible that this 

feature is a low-velocity zone representing the presence of high-temperature material due 

to partial melt or perhaps a shear zone.  However, north of 40º N and beneath the Great 

Salt Lake area, this negative Ps arrival becomes thinner and is underlain by a localized 

mid-crustal positive Ps arrival (~5 km thick) that slightly dips to the west and seems to 

disappear as it approaches the Wasatch fault zone.  This same feature is observed in 
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cross-sections D-D’ (Figure 5), where it appears to be dipping slightly south.  We verified 

these features by analyzing moveout plots, which confirmed that these arrivals are not the 

result of reverberations from shallower layers (Figure 6, station M13A).  Several studies 

in the region, including seismic refraction and surface-wave analysis (Bucher and Smith, 

1971; Braile et al., 1974; Smith, 1978, 1982; Eaton 1990) have inferred a low-velocity 

zone between 8 and 15 km in the eastern Basin and Range crust, and have suggested that 

it represents the brittle-ductile transition zone in this region.  An inversion of Rayleigh-

wave dispersion also yields a low-velocity layer at ~12 km depth beneath this area 

(Keller et al., 1976).  Seismic reflection data from the Great Salt Lake and the Sevier 

Desert regions (e.g., COCORP) have revealed low-angle structures at mid- to upper-

crustal depths (Smith and Bruhn, 1984; Allmendinger et al., 1983, 1987; Velasco et al., in 

revision) attributed to be the result of crustal extension along zones of weakness inherited 

from the Sevier belt (e.g., Constenius, 1996; Coogan and DeCelles, 1996).  

In the eastern Basin and Range, where high Moho amplitudes are found, we 

observe a negative Ps arrival in the uppermost mantle, starting from 35 km to 50 km 

depth with a thickness of 10-15 km (Figure 6, cross-section E-E’).  However, beneath the 

Great Salt Lake, this arrival is more diffuse, possibly indicating that the transition from 

lower-crust to upper mantle is gradual with little variations in wavespeed across the 

Moho boundary.  A seismic refraction/wide-angle reflection profile carried out further 

south, in Arizona, revealed a low-velocity zone beneath the Basin and Range, which has 

been interpreted as the presence of mafic partial melt in the upper mantle of this region 

(Benz and McCarthy, 1994). Additional discrete and diffuse Ps arrivals observed in the 
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cross-sections beneath the Basin and Range are attributed to a combination of 

reverberations from shallower arrivals.   

 

Colorado Plateau and transition zone with the Basin and Range 

The Colorado Plateau exhibits the thickest crust found within our study area 

(Figure 3), 44 km on average, as well as the largest lateral crustal thickness variation.  

The thickness of the crust observed here can change by up to 19 km difference in less 

than 100 km laterally, between the highest local value, ~56 km, in the central portions of 

the province in the State of Utah, and 38 km, in the southern section and transition zone 

with the eastern Basin and Range.  Most of the Colorado Plateau in this region displays 

relatively high Moho amplitudes (Figure 5, cross-sections A-A’, C-C’ and E-E’), which 

allows determining the crustal thickness with accuracy.  However, in the southern portion 

of the province in the State of Utah, the Colorado Plateau exhibits lower Moho 

amplitudes and more complex converted phase arrivals, as evidenced in easternmost 

portion of Figure 5, cross-section E-E’.  Gilbert and Sheehan (2004) have attributed low 

Moho amplitudes observed in the Colorado Plateau to be the result of smaller impedance 

contrast across the boundary; however, the same effects may also be produced by a 

layering or gradational Moho.  The southernmost portions of the Colorado Plateau in the 

State of Utah show comparable crustal thickness to that of the southern parts of Utah’s 

eastern Basin and Range (Figure 3) with similar seismic characteristics and small lateral 

crustal variations in the transition zone at these latitudes.  However, between latitudes 

38.5ºN and 39.5ºN, the crustal thickness of the Colorado Plateau exhibits an abrupt 
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lateral change from over 55 km to less than 40 km, as it approaches the Basin and Range, 

in a distance of only ~55 km. Figure 6 shows receiver functions at station TMU as a 

function of ray parameter with predicted arrival times of direct and multiple converted 

phases where Moho depth has been estimated to be at 55.5 km.  Recent previous studies 

have not found crustal thickness of over 50 km beneath the Colorado Plateau (e.g., Wolf 

and Cipar, 1993; Zandt et al., 1995; Gilbert and Sheehan, 2004).  However, a study 

carried out by Hauser and Lundy (1989) interpreting Consortium for Continental 

Reflection Profiling (COCORP) data have revealed Moho depths in the Colorado Plateau 

to exceed 50 km, challenging preceding crustal thickness studies in this region (e.g., 

Roller, 1965; Warren, 1969; Prodehl, 1979).  If this dramatic lateral variation in thickness 

is correct, it suggests that the Moho topography beneath the Colorado Plateau may not be 

as consistent as previously estimated.   

Within the crust, a strong negative Ps arrival dips to the east and is located at 

approximately 20 km depth at the transition zone with the Basin and Range, and down up 

to 35 km from the surface, further to the east (Figure 5, cross-sections C-C’ and E-E’).  

This negative arrival is overlain by a strong positive Ps arrival, which is also dipping to 

the east.  This feature is only observed in the Colorado Plateau and transition to Middle 

Rocky Mountains and disappears at the boundary with the eastern Basin and Range 

Province.  Analysis of moveout plots indicated a positive moveout, which confirmed that 

this arrival is not the result from reverberations of shallower layers.  We believe that this 

arrival might represent a converted phase from a mid-crustal feature, possibly resulting 
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from a discontinuity that marks the boundary between the felsic upper crust and more 

mafic lower crust.   

At the center of cross-section C-C’, a strong and discrete Ps arrival is observed at 

approximately 25-km depth, parallel to the Moho arrival below.  Previous studies in the 

Wasatch Front region have found evidence for a “double Moho” (Allmendinger et al., 

1983; Pechmann et al., 1984; Loeb, 1986; Klemperer et al., 1986; Loeb and Pechmann, 

1986; Smith et al., 1989), interpreted as a thick, high Vp rift pillow lying between 25 and 

45 km depth beneath the transition zone.  However, our receiver-function data show two 

Ps arrivals between a depth range of only 25 to 30 km, and thus, defining a much thinner 

zone.  In a re-evaluation of seismic data results, Pakiser (1989) proposed that this “double 

Moho” might be a consequence of variable Moho topography.  From our results, the 

latter interpretation might be more accurate; however, the true cause of the presence of 

this feature is uncertain.  Nevertheless, the high heat flow in the upper mantle has led to a 

conclusion that partially melted material might underlie the entire western U.S. (Gough, 

1984) and might be accumulating at the boundary, producing the crustal thickness 

variations observed (Gilbert and Sheehan, 2004).  

As opposed to the Basin and Range further to the west, we do not observe a 

distinct event below the Moho, but rather diffuse arrivals that might be obliterated by 

shallower reverberations.  Also, the fact that most of the Moho amplitudes beneath the 

Colorado Plateau are relatively low suggest a more gradual change in wavespeed from 

upper mantle to lower crust.  
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Middle Rocky Mountains and transition zone with the Basin and Range 

The seismic characteristics of the crust observed in the Middle Rocky Mountains 

are very similar throughout the region.  The average crustal thickness found is ~42 km.  

Our results are in agreement with previously published studies in the region (e.g., Zandt 

et al., 1995; Gilbert and Sheehan, 2004).  The thickest crust observed is ~47 km, located 

immediately north of the Uinta Mountains and the southern boundary with the Colorado 

Plateau (Figure 5, cross-section B-B’).  The thinnest crust observed (~38 km) is at the 

boundary with the eastern Basin and Range (Figure 5, cross-section B-B’ and E-E’), with 

gradual crustal thinning as it approaches the Wasatch fault.  Figure 5 (cross-section B-B’) 

shows that a strong Moho reflection is dipping towards the west and is overlain by a low-

velocity zone ~10 km thick.  However, at the center of cross-section B-B’, Moho 

reflection amplitudes and thickness decrease abruptly as the transition zone to the Basin 

and Range is approached, where a dramatic thickness change beneath the Great Salt Lake 

defines the thinnest crust in the region.  The crustal thickness here varies by over 10 km 

within a distance of less than 30 km, similar to results reported by Braile et al. (1974).  

Below the Middle Rocky Mountains, we also detect an arrival of a converted 

phase from a mid-crustal feature, similar to that as observed in the Colorado Plateau 

where it appears to be more disrupted and diffuse (Figure 5, cross-section B-B’ and C-

C’).  This mid-crustal arrival may represent the discontinuity that marks the boundary 

between the felsic upper crust and more mafic lower crust. Gilbert and Sheehan (2002) 

reported similar observations of mid-crustal arrivals from data recorded in northern 

Colorado. 
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IV. VP/VS ANALYSIS 

Crustal composition variations can be reflected in changes in Vp/Vs values.  For 

instance, the Vp/Vs values of quartz-rich felsic rocks tend to be less than 1.71, whereas 

for mafic rocks, these values are usually over 1.74 (Fountain and Christensen, 1989; 

Christensen, 1996).  Other factors affecting observed Vp/Vs values, especially at shallow 

crustal depths, include anisotropy, the presence of fluids and onset of partial melting 

(Christensen, 1989).  Fluids and melts contribute to reducing shear wavespeed more than 

compressive wavespeed and therefore, increasing Vp/Vs values (Fountain and 

Christensen, 1989).  Moreover, Gilbert and Sheehan (2004) suggested that variations in 

Vp/Vs could help differentiate between crustal deformation mechanisms, such as removal 

of mafic lower crust, which Zandt et al. (1995) suggest occurs beneath the eastern Basin 

and Range at the transition with the Colorado Plateau.  

The recognition of later phases is critical prior to analyzing seismic structure since 

it allows distinguishing direct arrivals and multiples without leading to misinterpretation. 

Therefore, we used arrival times of the direct and reverberation phases to calculate a 

Vp/Vs ratio for each bin using the relations of Zandt et al. (1995).  In an approach similar 

to that of Gilbert and Sheehan (2004), in order to detect any systematic variations in 

Vp/Vs across our study area, we followed the method used by Kind et al. (2002) to find 

Vp/Vs ratios when stacking data from multiple stations.  However, we only utilized the 

PpPms reverberation phase due to the fact that the PpSms reverberation had too low of an 

amplitude to be reliably picked.  To identify the PpPms arrival (referred to here as PpPs), 

the receiver-function stacks were filtered to lower frequencies with a Gaussian filter 
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width of 1, corresponding to 0.5 Hz.  For the entire study area, we used a crustal velocity 

of 6.3 km/s for the eastern basin and Range and 6.5 km/s for the Colorado Plateau and 

Middle Rocky Mountains, and the same Vp/Vs value of 1.8 that we used to convert to 

depth.  

The result of Vp/Vs calculations is shown in Figure 7, where tradeoff plots of the 

cross-sections presented in Figures 5 and 6 illustrate the variations in picks from the 

direct arrival and multiple that we used to generate a Vp/Vs map of our study area 

(Figure 8).  A Vp/Vs analysis performed by Gilbert and Sheehan (2004) found that short-

wavelength variations in Moho depths from P-multiple stacks could result from 

complexities associated with scattering due to surface topography, effects from non-

planar interfaces, or velocity heterogeneities on either the P or S paths.  Therefore, only 

the long-wavelength variations observed on the map of crustal Vp/Vs were interpreted.  

  Figure 8 shows crustal Vp/Vs values that range from 1.65 to up to 1.91, in 

agreement with global crustal Vp/Vs variations found by Zandt and Ammon (1995).  

Higher Vp/Vs values than 1.8 entail that the Ps arrival is mapped deeper than the PpPs 

arrival, whereas regions with lower Vp/Vs values imply that the Ps arrival was mapped 

shallower than the PpPs arrival.  Our Vp/Vs analysis reveals an average crustal Vp/Vs of 

1.78 for the Colorado Plateau and Middle Rocky Mountains, while the eastern Basin and 

Range yields an average Vp/Vs value of 1.77. 

In the southern portion of the study area, Vp/Vs values range between 1.8 and 1.9 

for both the eastern Basin and Range and the Colorado Plateau.  These high values in 

Vp/Vs may indicate the presence of accumulated mafic material at the base of the crust 
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and uppermost mantle.  This band of high Vp/Vs values found in our dataset was also 

noted by Gilbert and Sheehan (2004), which also appears to continue farther west in their 

study.  High Vp/Vs values are also found in the northern part of the study area, in the 

transition zone between the eastern Basin and Range and Middle Rocky Mountains, and 

beneath the northern portion of the Great Salt Lake.  These values also could indicate low 

shear-wave velocities that resulted from the presence of fluids or the onset of partial 

melting, or alternatively, a dramatic change in crustal composition.  Conversely, low 

Vp/Vs values (≤1.7) are found in the Colorado Plateau, beneath the Great Salt Lake area 

and the northwestern portion of our study region.  These values could represent a part of 

the crust that is more felsic and, therefore, would decrease the Vp/Vs value. 

The low Vp/Vs values (≤1.7) found beneath the Colorado Plateau coincide with 

the thickest crust found in our study area.  However, the low Vp/Vs values observed in 

the northwestern portion of the eastern Basin and Range and beneath the Great Salt Lake 

area do not show much correlation between crustal thickness and Vp/Vs value.  A plot of 

Vp/Vs values versus crustal thickness for each calculated bin is shown in Figure 9.  This 

plot reveals a distinct negative trend between crustal thickness and Vp/Vs values for the 

Colorado Plateau.  This trend is not observed as clearly in the Middle Rocky Mountains, 

yet it seems to also follow a similar correlation to as the Colorado Plateau.  The eastern 

Basin and Range, however, do not show any apparent correlation between these 

parameters.  Similar results were obtained by Gilbert and Sheehan (2004) for the southern 

Basin and Range, where large Vp/Vs variations coincide with changes in crustal 

thickness, suggesting that a portion of the crustal thickness might result from changes in 
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Vp/Vs.  The negative trend observed in the Colorado Plateau is possibly indicating 

changes in crustal composition, and perhaps favoring the idea of an isostatically 

compensated crust as suggested by Chase et al. (2002).  However, the lack of correlation 

between crustal thickness and elevation reveal that the crust from the Colorado Plateau 

needs an additional explanation other than crustal buoyancy, perhaps more dynamic 

support from the mantle, as suggested by results from previous studies (e.g., Benz and 

McCarthy, 1994; Lastowka et al., 2001).  

 

V. DISCUSSION 

 The regional pattern of crustal thickness observed in Figure 3 appears to correlate 

well with the outline of the Wasatch Front.  This boundary divides the relatively stable 

and undeformed Colorado Plateau and Middle Rocky Mountains, to the east, from the 

highly extended eastern Basin and Range, to the west.  The Wasatch fault zone is 

considered to be the major presently active structure in this region (e.g., Savage et al., 

1992; Martinez et al., 1998; Chang et al., 2006).  Published geodetic data show clear 

present-day westward motion of the Basin and Range, away from the Colorado Plateau 

and Middle Rocky Mountains (e.g., Bennett et al., 1999, 2003, 2007; Friedrich et al., 

2003; Niemi et al., 2004).  This evidence implies that our findings of crustal thickness 

changes across this major boundary are not mere coincidence, and suggests that the 

present-day tectonic activity is highly linked to deep crustal, and perhaps mantle 

processes. 
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The seismic characteristics observed in the crust beneath eastern Basin and Range 

may be the result of extensional deformation.  The thin crust and relatively low variations 

in Moho topography, along with a low-velocity layer and Ps arrival at mid-crustal depths 

has been imaged in numerous studies including reflection profiles, which show a 

relatively sharp and flat Moho across the entire Basin and Range, with subhorizontal 

reflectivity in the middle and lower crust (e.g., Klemperer et al., 1986; Holbrook et al., 

1991).  These features have been recognized as characteristic of extended terranes 

worldwide, and have led to a model of continental extension in which varying amounts of 

upper-crustal extension are accommodated by ductile flow and thinning in the middle and 

lower crust (e.g. Gans, 1987; Block & Royden, 1990; McKenzie et al., 2000). Decoupling 

and flow of the lower and middle crust during continental extension is now widely 

accepted and is also rheologically predicted given the compositions and temperatures of 

the crust in the Basin and Range (e.g. Kusznir and Park, 1987).   

Wannamaker et al. (2002) has presented two end-member possibilities for 

Cenozoic extension in the eastern Basin and Range; (1) force differences produced by 

lateral variations in density structure of the lithosphere beneath the Colorado Plateau and 

Basin and Range, and (2) strength contrasts responsible for the difference in deformation, 

possibly a function of rheology, which is controlled by rock composition, temperature, 

grain size and fluid content (e.g., Tullis, 1990; Kohlstedt et al., 1995).  Evidence for both 

scenarios has been presented in numerous studies (e.g., Gilbert et al., 2003; Zandt et al., 

1995), and therefore it has been suggested that these two end-members appear to be have 

acted together to produce the current state of deformation (Wannamaker et al., 2002).  
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Sonder and Jones (1999) proposed that the potential energy from a thickened crust was 

needed for extension in the northern Basin and Range; however, the potential energy was 

insufficient on its own and had to be followed by the removal of mantle lithosphere 

and/or any attached slab that was present.  Based on the limited size of our study area and 

depth extent of our study, we found evidence that support both scenarios.  On the one 

hand, our high Vp/Vs values observed in the southern portion of the study area, beneath 

the eastern Basin and Range and Colorado Plateau, might indicate the presence of 

accumulated mafic material at the base of the crust and uppermost mantle favoring the 

strength scenario.  On the other hand, the high Vp/Vs values observed at the northern 

portion of our study area and the significant change in crustal thickness might indicate 

either low shear-wave velocities, a consequence of the presence of fluids or the onset of 

partial melting, or there is a dramatic change in crustal composition agreeing with both 

scenarios. In general, the positive correlation between crustal thickness and elevation 

within the eastern Basin and Range (Figure 4) suggest support from the crust.  However, 

the lack of coherent correlation between crustal thickness and Vp/Vs values (Figure 8) 

might need an alternative means of support to help explain the large range of values 

observed.  Frassetto et al. (2006) suggested that for the large range of Vp/Vs values 

observed in the southern Basin and Range in Arizona, the style of orogenic collapse of 

the Cordillera might have been controlled by spatially variable crustal composition.  

Several studies have been conducted to explain the high topographic elevations of 

the Colorado Plateau.  While certain studies favor the idea that crustal buoyancy is 

sufficient to sustain such elevations (Chase et al., 2002), others imply additional support 
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from the mantle is required, evidenced by the presence of a low-velocity zone beneath the 

Moho (Benz and McCarthy, 1994; Lastowka et al., 2001).  We find that the highly 

variable crustal thickness and lack of correlation with topography in the Colorado Plateau 

imply that other forces outside of the crust might be needed to support the high elevations 

observed, in agreement with previous studies (Benz and McCarthy, 1994; Lastowaka et 

al., 2001).  However, we do not find evidence for a distinct low-velocity layer beneath 

the Moho at these latitudes, as predicted by the aforementioned models.  Additionally, the 

negative Ps arrival and crustal layering along with high Vp/Vs values observed beneath 

the Colorado Plateau could be linked to the hypothesis of crustal growth via magmatic 

addition, as suggested by Frassetto et al. (2006) for data from the transition zone in 

Arizona.  On the other hand, we find very thick crust (>50 km) in the Colorado Plateau, 

in agreement with a previous study by Hauser and Lundy (1989), that has challenged 

preceding results from crustal analysis in the region (e.g., Roller, 1965; Warren, 1969; 

Prodehl, 1979); which might suggest that the crust here is sufficient to sustain the high 

elevations. 

 

VI. CONCLUSIONS 

 The enhanced spatial density of the USArray Transportable Array, along with 

existing long-operating regional sites, allows us to present a uniformly-sampled map of 

crustal thickness variations across most of the state of Utah.  This map, along with 

stacked receiver-function images, show lateral variations in the seismic characteristics of 

the eastern Basin and Range crust and transition to the Colorado Plateau and Middle 
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Rocky Mountains.  To create such a detailed map, we combined data from long-running 

broadband stations, some operating for over 15 years, and data from the relatively 

recently deployed US Transportable Array.  We find that while the thinnest crust is ~26 

km below the Great Salt Lake area in the eastern Basin and Range, the thickest crust is 

found beneath the Colorado Plateau (~56 km).   

Crustal variations coincide with the Wasatch front, the surface expression of the 

eastern limit of extension in central Utah, where the transition from thin to thick crust 

appears to occur over as little as a distance of 20 km. We find latitudinal as well as 

longitudinal variations in crustal thickness throughout the study region.  In the southern 

portion of our study area the crust appears to thicken slightly towards the east.  In the 

central portion of our study area, the crust appears to gradually thicken to the east within 

the Colorado Plateau, suggesting that factors other than crustal extension contribute to 

crustal thickness.  However, to the north, there appears to be a dramatic change in crustal 

thickness from the thin eastern Basin and Range to the thicker Middle Rocky Mountains 

crust.  These results suggest that perhaps a compositional contrast might have been 

responsible for leading to extension.  This idea is also supported by the high Vp/Vs 

values observed in this area.  

We also find that while the direct converted Moho phase beneath the Middle 

Rocky Mountains appears to be a single distinct phase, certain areas beneath the 

Colorado Plateau and Basin and Range appear to be more complex phases, suggesting 

either lower crustal layering or a gradational Moho.  However, in certain areas beneath 

the eastern Basin and Range, where we find high amplitudes in the Moho arrivals, we 
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also observe a negative Ps arrival in the uppermost mantle, starting from 35 km to up to 

over 50 km depth with thickness of 10-15 km.  We interpret this feature as indicating the 

presence of mafic partial melt in the upper mantle of this region. 

Within the eastern Basin and Range, the crust seems to be laminated, showing 

mid-crustal Ps arrivals that appear to correlate with mid-crustal structures observed on 

seismic reflection data or localized shear zones in the brittle-ductile transition zone.  We 

also find a negative Ps arrival within the Colorado Plateau and Middle Rocky Mountains 

middle crust that possibly indicates a boundary between felsic and mafic compositions.  

Crustal Vp/Vs values in the eastern Basin and Range largely vary across this 

region with Vp/Vs greater than 1.8 in the southernmost and northernmost portions of the 

study area, and less than 1.65 in the Great Salt Lake area, showing an average of 1.76. 

Within the Colorado Plateau, we find that areas with thick crust correspond to low Vp/Vs 

values, showing an average of approximately 1.77.  The average Vp/Vs value for the 

Middle Rocky Mountains is approximately 1.78.  The Vp/Vs values observed for the 

Colorado Plateau and Middle Rocky Mountains are consistent with a more mafic 

composition for the lower crust beneath these two provinces. 
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Latitude Longitude 
Moho 
Depth 
(km) 

Moho 
depth      

(1-Sigma) 
Vp/Vs Vp/Vs         

(1-Sigma) 

39.07 -110.53 55.83 0.37 1.67 0.00 
38.89 -111.23 55.30 1.20 1.78 0.03 
39.07 -111.23 53.97 0.00 1.74 0.00 
39.25 -111.00 53.39 0.00 1.76 0.00 
39.25 -110.53 52.40 0.18 1.76 0.01 
39.43 -110.53 52.15 0.84 1.70 0.01 
39.61 -110.06 51.24 0.18 1.77 0.01 
39.07 -110.06 50.02 1.12 1.72 0.02 
39.43 -110.76 49.28 0.36 1.76 0.01 
39.61 -110.29 49.12 0.83 1.77 0.01 
40.69 -110.53 48.40 0.73 1.66 0.01 
39.07 -110.29 48.24 0.64 1.76 0.01 
40.15 -109.83 47.82 0.61 1.67 0.01 
40.87 -110.76 47.54 0.32 1.74 0.01 
39.61 -110.76 47.43 0.88 1.81 0.02 
39.25 -110.06 47.43 0.89 1.79 0.02 
40.87 -111.00 47.17 0.18 1.76 0.01 
38.35 -110.53 47.11 0.00 1.76 0.00 
41.05 -110.76 47.08 0.13 1.76 0.01 
41.05 -111.00 46.85 0.29 1.78 0.01 
40.15 -110.53 46.64 0.43 1.68 0.01 
38.35 -110.76 45.97 0.95 1.78 0.02 
40.51 -110.53 45.73 0.00 1.68 0.00 
38.53 -109.83 45.49 0.74 1.79 0.01 
40.33 -109.83 45.43 0.62 1.70 0.01 
40.51 -110.76 45.37 0.40 1.70 0.02 
38.89 -110.76 44.85 0.28 1.88 0.01 
41.05 -109.83 44.33 0.60 1.70 0.01 
41.59 -110.76 44.29 0.49 1.79 0.01 
40.15 -110.06 44.25 0.73 1.74 0.01 
40.15 -110.76 44.13 0.50 1.76 0.01 
41.41 -110.53 44.13 0.94 1.82 0.02 
40.33 -110.76 43.97 0.91 1.76 0.02 
41.05 -111.23 43.75 0.96 1.88 0.02 
41.41 -110.76 43.65 0.78 1.83 0.02 
38.53 -110.76 43.47 1.22 1.79 0.04 
41.59 -110.53 43.16 0.84 1.82 0.02 
41.05 -111.47 43.04 0.00 1.70 0.00 
41.41 -111.47 43.01 0.13 1.71 0.01 
41.59 -110.06 42.84 0.00 1.82 0.00 
40.33 -110.06 42.78 0.53 1.77 0.02 
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41.41 -110.29 42.76 0.36 1.82 0.01 
41.41 -110.06 42.68 0.88 1.83 0.02 
41.23 -111.47 42.08 0.22 1.70 0.01 
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39.97 -111.70 36.33 0.29 1.78 0.02 
41.95 -112.41 36.31 0.84 1.80 0.02 
37.99 -110.53 36.28 0.88 1.86 0.03 
39.97 -111.47 36.19 0.23 1.79 0.01 
38.89 -112.41 36.18 0.62 1.73 0.01 
41.23 -114.29 36.11 0.82 1.71 0.02 
38.35 -111.47 35.71 0.58 1.90 0.01 
37.99 -110.76 35.31 0.71 1.91 0.02 
41.23 -114.05 35.04 0.64 1.73 0.01 
38.89 -113.82 35.03 0.00 1.80 0.00 
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38.89 -114.05 35.03 0.00 1.80 0.00 
38.89 -114.29 35.03 0.00 1.80 0.00 
38.35 -113.11 34.81 1.25 1.88 0.03 
39.07 -112.41 34.55 0.91 1.76 0.02 
39.07 -113.35 34.51 0.50 1.69 0.01 
38.89 -113.35 33.85 0.84 1.71 0.02 
39.07 -113.11 33.03 0.00 1.73 0.00 
39.79 -112.17 32.93 0.00 1.80 0.00 
40.87 -114.29 32.77 0.00 1.61 0.00 
40.33 -112.41 32.30 0.55 1.70 0.02 
41.05 -113.11 32.22 0.30 1.71 0.02 
39.97 -114.05 32.15 0.45 1.64 0.03 
38.89 -113.11 32.14 0.83 1.75 0.02 
39.43 -112.17 32.13 0.85 1.77 0.02 
39.97 -112.17 32.02 0.89 1.78 0.03 
40.33 -112.64 31.98 0.92 1.75 0.03 
39.97 -111.94 31.89 0.00 1.80 0.00 
41.77 -112.64 31.83 0.00 1.88 0.00 
41.77 -112.88 31.83 0.00 1.88 0.00 
41.05 -112.88 31.43 0.54 1.68 0.03 
39.43 -112.41 30.90 0.17 1.80 0.01 
40.87 -113.11 30.88 0.82 1.70 0.02 
39.61 -114.05 30.87 0.56 1.80 0.04 
39.61 -112.17 30.84 0.00 1.80 0.00 
39.61 -112.41 30.84 0.00 1.80 0.00 
41.23 -112.41 30.67 0.29 1.67 0.02 
39.61 -112.88 30.33 0.23 1.77 0.02 
40.15 -112.41 30.30 0.37 1.77 0.03 
40.51 -114.29 29.93 0.50 1.80 0.02 
40.87 -112.88 29.89 0.00 1.72 0.00 
40.87 -113.35 29.89 0.00 1.72 0.00 
39.43 -114.05 29.82 0.60 1.72 0.03 
39.43 -113.11 29.79 0.00 1.81 0.00 
39.61 -113.11 29.79 0.00 1.81 0.00 
40.51 -114.05 29.79 0.00 1.81 0.00 
40.69 -114.29 29.66 0.36 1.90 0.03 
40.69 -113.11 29.28 1.06 1.68 0.03 
40.15 -113.82 29.27 0.22 1.85 0.02 
40.15 -114.05 29.24 0.00 1.85 0.00 
39.97 -112.88 28.99 0.78 1.87 0.02 
40.33 -112.88 27.70 0.00 1.81 0.00 
39.43 -113.82 27.69 0.86 1.83 0.04 
41.23 -112.64 27.16 0.17 1.77 0.01 
40.15 -112.88 27.15 0.00 1.86 0.00 
40.15 -112.64 26.60 0.00 1.90 0.00 
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41.59 -112.41 26.37 0.77 1.91 0.03 
 
Table 1.  Moho depth estimates and Vp/Vs values with their corresponding 1-sigma for 
each grid point within our study region.
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Figure 1. General regional shaded relief map of the study area in the state of Utah 
showing the Wasatch Fault (WF) and boundaries between the eastern Basin and Range, 
Colorado Plateau and Middle Rocky Mountains.  Also shown stations comprising 
networks used in this study.  Each station is coded by different symbols according to 
seismic network. U.S. National Seismic Network (USNSN), triangles; University of Utah 
Regional Network (UU), squares; Colorado Plateau-Great Basin Network (XH), stars; 
Transportable Array (TA), diamonds. 
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Figure 2.  Map showing Ps wave piercing points (circles), which fan out away from each 
station with increasing depth. Points shown here correspond to the location of the Ps ray 
at 30 km depth. Common conversion point bin locations are shown as asterisks spaced at 
20 km. Seismic stations contributing data are shown as black pluses. Boundaries between 
the, Basin and Range, Colorado Plateau, and Middle Rocky Mountains are shown as 
dashed lines. Also noted are locations of depth-migrated receiver function transects A-A’, 
B-B’, C-C’, D-D’ and E-E’ shown in Figure 5.  
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Figure 3.  Color contour map of crustal thickness of the study area.  Regions of thicker 
crust are shown in blue, while thinner crust is shown in red. Thicknesses range between 
below 30 km and above 55 km. Color saturation is scaled by the standard deviations (σ) 
of the thickness (least saturated is >5 km uncertainty; the most saturated show σ≤1 km). 
Locations of bin center points for which thickness estimates are used are shown as 
circles.  Also shown are boundaries (dashed line) between the Basin and Range, Colorado 
Plateau and Middle Rocky Mountains Provinces.   
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Figure 4.  Plot of elevation versus crustal thickness for each station. Coded symbols for 
each province: squares, Basin and Range; circles, Colorado Plateau; triangles, Middle 
Rocky Mountains.  
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Figure 5.  Cross-sections of depth-migrated receiver-functions transects across the state 
of Utah.  Locations of cross sections are indicated in Figure 2 (A-A’, B-B’, C-C’, D-D’ 
and E-E’). Color scale ranges between ±20% (positive, red, and negative, blue) of radial 
P. Circles and error bars show picked depths found within each bin used to make crustal 
thickness and Vp/Vs map.  Black dashed lines show Moho depths. Line at 30 km depth is 
drawn for reference.  Also shown are the provinces location and their approximate 
boundary location (ABL), and the Wasatch fault (WF) representing, in B-B’ and C-C’, 
the provinces boundary location.  
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Figure 6.  Receiver functions recorded at stations TMU and M13A as a function of ray 
parameter with predicted arrival times of direct and multiple converted phases and 
tradeoff plots of stacked receiver function amplitudes in parameter space. Red is used for 
positive and blue for negative. 
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Figure 7. Comparison of crustal thicknesses found using Ps (black) and PpPs (gray) for 
the depth-migrated receiver-function transects shown in Figure 5.  Moho picks are the 
same as those shown as black dashed lines in the cross-sections of Figure 5.  Regions 
with deeper Ps picks than PpPs correspond to higher values and are shaded blue on the 
VP/VS map of Figure 8, while lower values are shaded red. Complications in picking the 
phases due to the limited spatial overlap at Moho depths (as is evident from the cross 
sections) prevent a more complete presentation of Vp/Vs values.  
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Figure 8. Color contour map of Vp/Vs variations across the study area.  Areas with high 
Vp/Vs values are shown as blue, while regions with low Vp/Vs values are shown as red.  
Also shown are boundaries (dashed line) between the Basin and Range, Colorado Plateau 
and Middle Rocky Mountains Provinces. 
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Figure 9.  Plot of crustal Vp/Vs versus crustal thickness for each bin used to calculate the 
Vp/Vs map of Figure 8. Coded symbols for each province: squares, Basin and Range; 
circles, Colorado Plateau; triangles, Middle Rocky Mountains. 
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I. INTRODUCTION 

Understanding subsurface fault geometries and their relationship with structures 

observed at the surface is important for understanding fault-system mechanics.  While 

seismic reflection data can provide snap-shots of subsurface fault geometries, geodetic 

measurements of crustal motion can provide valuable constraints on the kinematics of 

continental crustal deformation, complementing geological maps, and geophysical 

images that can show subsurface structure.  

Interpretation of geodetic measurements that represent interseismic strain 

accumulation is usually done by using crustal deformation models that relate two-

dimensional surface strain rate associated with the locked seismogenic parts of fault 

zones to the ductile strain patterns at subseismogenic depth.  However, these models do 

not directly constrain the slip rates on the locked parts of the faults (e.g., Savage et al., 

1992; Vergne et al., 2001; Bennett et al., 2007), nor do they unequivocally constrain the 

deeper processes driving strain accumulation (e.g., Savage, 1990; Savage et al., 1999; 

Savage, 2000; Zatman, 2000).   Understanding how accumulated elastic strain might be 

converted into permanent slip on upper crustal faults, which is critical to our 

understanding of fault mechanics and seismic hazards, depends critically on the true 

subsurface fault geometry and rheological structure, which are typically only poorly 

known.  

Continental normal faults may provide one of the best opportunities to investigate 

the pattern of mid- to lower-crustal strain and its relationship with upper crustal fault 
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structure because the subsurface structure of the faults may be precisely imaged using 

geophysical techniques, primarily seismic reflection.  Moreover, both the hanging wall 

and footwall are often sub-aerially exposed, allowing for detailed geological mapping and 

precise geodetic surveying.  In this study, we jointly interpret new and independent 

seismic reflection lines, continuous GPS datasets, and geological constraints from the 

eastern third of the northern Basin and Range Province to investigate the possible 

relationships between upper and lower crustal strain.  

   

II. REGIONAL TECTONIC SETTING 

The Basin and Range province is a vast region of alternating mountain ranges and 

sediment-filled depressions bounded by the Colorado Plateau to the east, and a diffuse 

strike-slip plate boundary to the west (Figure 1).  It is characterized by thin crust (~30 

km) (e.g., Gilbert and Sheehan, 2004) and relatively high topography, and has been 

interpreted to be the result of extension driven by gravitationally unstable over-thickened 

crust (e.g., Coney and Harms, 1984; Dickinson, 2002; DeCelles and Coogan, 2006).  The 

eastern third of the northern Basin and Range, on which we focus our interest here, is 

seismically active, containing the Intermountain Seismic Belt (Smith and Sbar, 1974; 

Smith and Arabasz, 1991).  The Wasatch fault defines the eastern boundary of the Basin 

and Range and represents the structural transition with the Colorado Plateau.  This fault is 

currently active (e.g., Savage et al., 1992; Martinez et al., 1998; Chang et al., 2006) and 

appears to be segmented along strike (e.g., Schwartz and Coppersmith, 1984; Wheeler 

and Krystinik, 1992; McCalpin et al., 1994; McCalpin and Nelson, 2001).  Seismic 
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reflection profiling suggests that these distinct active segments at the surface appear to 

coalesce at depth into a main basal detachment, which also allows interaction with other 

normal faults to the west (e.g., Wilson and Presnell, 1992; Constenius, 1996).  Many 

other mapped faults west of the Wasatch Front are also presently active (e.g., Caskey et 

al., 1996; Colman et al., 2002; Friedrich et al., 2003; Niemi et al., 2004), evident by their 

surface expressions and slip histories, however, these faults appear to accommodate a 

significantly smaller fraction of the total eastern Basin and Range slip budget than the 

Wasatch fault.  

According to published Global Positioning System (GPS) results (e.g., Dixon et 

al., 2000; Bennett et al., 2003), the northern Basin and Range Province is accommodating 

nearly 25% of the ~50 mm/yr of relative horizontal motion between the Pacific and North 

America plates.  The eastern Basin and Range, specifically, is currently experiencing ~3 

mm/yr of tectonic extension over a ~350 km-wide region (Bennett et al., 2003; Friedrich 

et al., 2003; Niemi et al., 2004).  Although most of its present day deformation is 

concentrated at its eastern margin, the Basin and Range has been uniformly extended by 

up to 200% since the late Oligocene (Proffett, 1977; Hamilton, 1978; Wernicke et al., 

1988; Jones et al., 1992) involving numerous normal faults.  In some cases, this large-

scale Cenozoic crustal extension has exhumed midcrustal rocks from 10-20 km depth 

(Anderson, 1971; Armstrong, 1972; Wright and Troxel, 1973; Wernicke, 1981; Wernicke 

et al., 1988; Satarugsa and Johnson, 1998) along low-angle detachment faults that 

evolved into metamorphic core complexes (e.g., Davis and Coney, 1979; Crittenden et 

al., 1980; Spencer, 1984; Coney and Harms, 1984; Spencer and Chase, 1989).  In other 
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cases, normal faults are thought to be reactivated structures from the Sevier fold and 

thrust belt (e.g., Mohapatra et al., 1993; Constenius, 1996; Coogan and DeCelles, 1996; 

Mohapatra and Johnson, 1998; Constenius et al., 2003).  The latter structures mostly 

involve high-angle normal faults, ~50-60°, that become listric at depth and could flatten 

to ~10-20° at depths as shallow as 4-6 km (Mohapatra and Johnson, 1998).  In most 

cases, these structures are already low-angle above the brittle-ductile transition zone, 

which is ~8-12 km below the surface in the eastern Basin and Range (e.g., Stewart, 1978; 

Eaton, 1982; Smith and Bruhn, 1984), and may sole downward into a main detachment at 

even greater depths (e.g., Constenius, 1996).   

A basement-involved upper-crustal low-angle normal fault is imaged on the 

Consortium of Continental Reflection Profiling (COCORP) seismic line and other related 

seismic profiles across the Sevier Desert basin (Allmendinger et al., 1983).  This 

detachment appears on the seismic profile Utah line 1 (Figure 1) as a continuous event 

from close to the surface near the Canyon Range (west of the Wasatch fault), down to 

over 5 seconds in two-way travel time (12-15 km), with a dip of approximately 11° to the 

west (Von Tish et al., 1985).  This geometry led to the interpretation that the detachment 

was a previous thrust that had been reactivated by Cenozoic extensional structures (e.g., 

Coogan and DeCelles, 1996).  The western frontal fault of the Canyon Range at the 

eastern edge of the Sevier Desert basin has been suggested as the breakaway zone of the 

Sevier Desert detachment (Otton, 1995), although this interpretation has been challenged 

(e.g., Wills and Anders, 1996).   Another interpretation was proposed by Anders and 

Christie-Blick (1994) based mainly on drill cuttings that revealed no microfractures near 
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this fault surface.  While high-density microfracturing near the contact is expected (Brock 

and Engelder, 1977), it was not found in samples within ~3m of the Sevier Desert 

detachment surface.  Therefore, Anders and Christie-Blick (1994) suggested that the 

reflection observed on the seismic line represents an unconformity rather than a low-

angle normal fault.    

 Both geodetic and geologic data provide quantitative evidence for present-day 

Basin and Range extensional tectonics, although the time scales represented by the 

different data types (structural geology, geomorphology, paleoseismology, geodesy) vary 

over disparate timescales of 10 to 106 years (e.g., Wallace, 1987; Friedrich et al., 2003; 

Friedrich et al., 2004; Niemi et al., 2004).  Discrepancies between rates inferred for the 

Wasatch fault zone using the spectrum of available methods have been interpreted as a 

possible indication of earthquake clustering (Niemi et al., 2004), transient postseismic 

strain associated with secondary faults west of the Wasatch fault (Friedrich et al., 2003), 

or persistent postseismic strain associated with the Wasatch fault (e.g., Malservisi et al., 

2003).   The available data appear to be incompatible with the traditional slip- or time-

predictable models (Shimazaki and Nakata, 1980) for earthquake recurrence (Friedrich et 

al., 2003). 

Not only have disparate time-scales from different data types led to diverse 

interpretations, but also varying fault geometry among different models has been 

discussed to explain geodetic measurements.  While models using planar surfaces have 

been widely used to represent strain accumulation across the Wasatch fault to match 

geodetic data (e.g., Chang et al., 2006), others have shown that the observed extension on 
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the hanging-wall block, normal to the strike of this fault, can also be explained by a listric 

geometry rather than planar (Savage et al., 1992; Bennett et al., 2007).  Furthermore, a 

variety of dip angles have been suggested from earthquake focal mechanisms (e.g., Doser 

and Smith, 1989), surface expressions (e.g., McCalpin et al., 1994), and seismic 

reflection data (e.g., Smith and Bruhn, 1984), however there is still no clear 

understanding of the real subsurface geometry expected for this region (Table 1).    

The eastern Basin and Range, as an active extensional environment, is an 

excellent place to investigate these uncertainties in slip rate, fault geometry, and nature of 

strain accumulation.   In this paper, we concentrate on how elastic strain accumulating at 

depth relates to the fault structure in the brittle upper crust.  If previous interpretations of 

fault geometries and active structures within the upper and middle crust are true, then 

present-day deformation should be reflected in the geodetic data.  We, therefore, 

simultaneously combine independent results from seismic reflection data with both 

horizontal and vertical crustal motion measurements to investigate lower and upper 

crustal strain and their implications for the transition from ductile to brittle environments.  

 

III. SEISMIC DATA ANALYSIS 

 We present seismic data from two profiles that image the subsurface geometries 

along different segments of the eastern Basin and Range (Figure 2).  The first profile is 

located along the Levan segment of the Wasatch fault and the second within the Great 

Salt Lake, in Utah.  These vintage industry seismic lines were acquired in the late 1970’s 

and early 1980’s, and later donated to the University of Arizona. 
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 The first profile (Figure 3) is a collection of Exxon seismic lines, 84AU19, 

85AH12 and 81J10, from west to east, respectively.  Data from these seismic lines were 

processed by Exxon contractors using a standard seismic processing sequence and later 

donated as stacked profiles to the University of Arizona.  We imported the stacked data 

files using workstation-based ProMAX interactive seismic data processing software 

(Landmark Graphics Inc.).  We applied steep-dip finite-difference time migration and F-

X deconvolution for signal enhancement and noise reduction to improve the seismic 

images.  Finally, we depth converted these seismic lines with interval velocities 

calibrated to well-log information for easier display.  

Figure 3 shows the uninterpreted seismic sections above and our general 

interpretation below.  The principal feature observed on Figure 3 is a steeply west-

dipping reflection surface that changes dip with depth and finally appears to sole into a 

low-angle interface at ~10 km.  We interpret this reflection surface to represent a listric 

normal fault evidenced by its truncation of east-dipping reflections observed to the west.  

These east-dipping reflections could correspond to depositional surface or unconformities 

between the sedimentary rocks in the hanging wall.  On the eastern part of this profile, 

close to the surface, we observe a steeply east-dipping reflection interface that also 

changes dip with depth.  We also interpret this interface to represent a listric normal fault.  

Although it is harder to image, it is possible that this interface also soles into the same 

low-angle surface as the previously interpreted structure. 

The shallow part of the interpreted listric normal fault to the west coincides with 

the surface trace of the Levan segment of the Wasatch fault.  According to published 
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seismic profiles and borehole data (e.g., Constenius et al., 2003; Horton et al., 2004), this 

fault appears to have cut through footwall Cretaceous-Eocene rocks at high angle, close 

to the surface, but Jurassic and Paleozoic rocks where the fault surface becomes listric, to 

finally sole into a low-angle surface, displacing Precambrian crystalline basement.  The 

main structure to the east of the profile is interpreted to be the east-dipping Gunnison 

fault, which is also initiating at high angle, creating a small Tertiary-Quaternary fill basin, 

chiefly displacing Cretaceous and early Tertiary rocks.  At depth, this fault also becomes 

listric, principally gliding over Middle Jurassic deposits, and possibly soling into the 

same low-angle surface described above, but at higher levels within the stratigraphy (~6-

8 km depth).   These two normal faults create half-grabens, bounding the San Pitch 

Mountains and forming a triangle zone delimited at depth by a low-angle surface.  

According to Constenius et al. (2003), the deeper portions of these faults correspond to 

previous structures that, following the cessation of contractional deformation, collapsed 

during late Eocene-early Miocene time when the main basal thrust was extensionally 

reactivated.  Therefore, based on previously published studies (e.g., Constenius, 1996; 

Coogan and DeCelles, 1996; Constenius et al., 2003), we interpret these structures to be 

reactivated thrusts that appear to serve as gliding planes to the Cenozoic extensional 

regime that dominated the Great Basin.     

 The second section is located north of the previously shown seismic profile, 

within the Great Salt Lake (Figure 4).  The subsurface fault geometries beneath the Great 

Salt Lake were obtained from reprocessed seismic reflection lines collected by Amoco 

Production Company in the late 1970's.  The original 24-channel data of Line UQ-12 
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(Figure 4) were re-processed at the University of Arizona using a standard seismic 

processing sequence (Mohapatra, 1996).  Emphasis was given to optimization of the 

imaging of steep dips near fault planes through improved dip-moveout (DMO) 

algorithms.  Additionally, we applied steep-dip finite-difference time migration, along 

with F-X deconvolution for signal enhancement and noise reduction, to improve the 

seismic images.  Finally, we depth converted these data with interval velocities calibrated 

to well-log information.  

One of the most prominent features of seismic reflection line UQ-12 (Figure 4) 

is a steeply dipping reflection surface (~50-60°) that be comes shallower with depth. We 

interpret this reflection surface to be a high-angle normal fault near the surface that 

becomes listric at depth decreasing its angle to ~10-20° at ~4 km below the Great Salt 

Lake.  Based on previously published seismic and borehole data (e.g., Mohapatra, 1996;  

Mohapatra and Johnson, 1998) this fault corresponds to the East Lake fault.  This fault 

juxtaposes Tertiary basin-fill sediments against Precambrian and Lower Paleozoic 

basement, as well as a related antithetic (east-dipping) normal fault that soles into the 

main structure at depth.  Both of these faults disrupt subhorizontal reflections near the 

surface; however, above ~62 m the data quality becomes too poor to distinguish offset.  

Nevertheless, the observed structure suggests that these faults have very recent activity.  

According to Colman et al. (2002), the East Lake fault has been imaged to offset the 

lakebed and is thought to be active since the early Tertiary.  Therefore, development of a 

fault scarp in a flat, shallow, internally drained basin, like the Great Salt Lake, indicates 

very recent fault activity along large faults beneath this region. 
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The profile in Figure 4 also shows a low-angle reflection surface with spatially 

varying dip that, according to Mohapatra and Johnson (1998), appears to correspond to a 

thrust ramp to the east of the East Lake fault.  This ramp is evidenced by truncated east 

dipping layered reflections against it, and is thought to represent a preexisting structure 

inherited from the Sevier thrust belt (Mohapatra and Johnson, 1998).  The wedge 

containing these folded units is bounded by the listric normal fault to the west and the 

low-angle fault to the east.  If this interpretation is correct, then the East Lake fault is a 

normal fault that has reactivated previous structures at depth.  Furthermore, according to 

Mohapatra and Johnson (1998), this thrust could represent a buried imbricate of the 

Willard thrust that is found exposed in the Ogden area along the Wasatch Front.  The 

hanging-wall of these outcrops contains a thin section of Precambrian metasedimentary 

and Paleozoic rocks, whereas the footwall exposes a thin section of Paleozoic overlaying 

Precambrian basement.  These exposures are also observed at Antelope Island, within the 

Great Salt Lake (Mohapatra and Johnson, 1998).  

At ~9 km depth, seismic line UQ-12 shows a strong sub-horizontal reflection, 

similar to those observed in the seismic lines shown in Figure 3.   Following our previous 

interpretation, this reflection could represent a low-angle surface into which the East 

Lake fault soles at depth, towards the west, out of the profile.  Although not imaged in the 

seismic line, this low-angle surface could potentially correlate with the surface expression 

of the Weber segment of the Wasatch fault, located approximately 50 km to the east of 

this profile.  Interpretation of additional seismic data within the Great Salt Lake (e.g., 

Mohapatra, 1996; Mohapatra and Johnson, 1998) indicates that the Tertiary and 



 89 

Quaternary sediments were deposited in north-trending basins characterized by gently 

east-dipping beds over most of the west and central areas, in agreement with the 

interpretation of seismic line UQ-12 described above.  In addition, these lines also show a 

major sub-horizontal reflection surface at depth, which appears to be an extensively 

continuous feature beneath the entire area.   

Previously published geologic cross-sections and reconstructions along different 

latitudinal transects that traverse the Wasatch fault are consistent with the existence of 

low-angle structures that appear to be reactivated Sevier-age thrust surfaces, which have 

accommodated extensional collapse after the cessation of the Laramide orogeny (e.g., 

Mohapatraet al., 1993; Constenius, 1996, Coogan and DeCelles, 1996; Constenius et al., 

2003).  Based on our interpretations, we consider that the surface expressions of these 

high-angle normal faults reactivate preexisting thrust-fold structures and mechanically 

weak surfaces at depth, in agreement with the previously published geologic 

interpretations.  We also believe that the sub-horizontal features observed consistently in 

all seismic profiles at 9-10 km depth, could represent a regionally extensive basal 

detachment that links at depth most normal faults observed at the surface.  An alternative 

explanation for this low-angle surface could be that it represents a ductile shear zone.  

Published studies based on PASSCAL/COCORP data in the western U.S. (e.g., Holbrook 

et al., 1991) have suggested that strong reflections observed between 10 and 20 km depth 

could be the result of a ductile shearing mechanism at mid-crustal levels.  Given the fact 

that the brittle-ductile transition in this area is found between 8 and 12 km (e.g., Stewart, 

1978; Eaton, 1982; Smith and Bruhn, 1984), ductile shear zones could also explain the 
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deeper low-angle surfaces observed on the presented seismic profiles.  However, we find 

that portions of these low-angle surfaces are also observed at shallower depths (4-7 km), 

within the brittle upper crust, and therefore we find it compelling that in these cases, the 

low-angle surfaces observed correspond to reactivated Sevier-age structures.  In 

particular, the distinct amplitude standout from the reflection observed at ~9 km depth in 

Figure 4 represents a significant contrast that strongly suggests the existence of a 

detachment surface with a sliver of undeformed sedimentary rocks beneath this low-angle 

fault.  

 

IV. GPS DATA ANALYSIS 

We analyzed data from 33 continuous GPS stations located in the eastern Basin 

and Range (Figure 2) for the period from 1996 to 2008.  The network covers a 1400-km-

wide region across the greater Wasatch fault system.  Our data analysis procedures were 

identical to those described in Bennett et al. (2007), but we here use a significantly larger 

data set that includes data from new stations belonging to the Plate Boundary 

Observatory (PBO) Facility network and other networks.  The longest running stations, 

which form part of the PBO NUCLEUS array, have been in operation for approximately 

12 years.   We analyzed all existing data from these networks.  All of these stations were 

established specifically for studies of crustal deformation and assessment of seismic 

hazards in the Wasatch region (e.g., Wernicke et al., 2004; Chang et al., 2006; 

http://pboweb.unavco.gov).  We used the GAMIT software version 10.3 (Herring et al., 

2006a) to analyze carrier phase data in 24-hour batches.  We analyzed the 33-station 
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eastern Basin and Range data set together with a select set of more than 200 stations 

distributed throughout North America and also different parts of the world in order to 

help define a stable reference frame.  We used a priori orbits and Earth orientation 

parameters from the International GNSS Service (IGS), but we estimated adjustments to 

these a priori parameters.  The fundamental outputs of our GAMIT data reductions are 

site-position and Earth-orientation parameter estimates and associated error variance-

covariance matrices.  Changes in these parameters with time reveal motions of the 

Earth’s surface.  We used the forward Kalman filter capability of the GLOBK analysis 

software (Herring et al., 2006b) to estimate site velocities from the complete set of 

GAMIT results.  We estimated temporally constant velocities for all sites simultaneously 

using all of the available variance-covariance information in order to exploit the precision 

of the network solutions, while at the same time insuring that all velocities share the same 

reference frame.  

We determined velocity estimates relative to the Stable North America Reference 

Frame (SNARF) Version 1.0 (Blewitt et al., 2005).  We realized this reference frame 

during our GLOBK analysis stage, by minimizing adjustments to SNARF at a set of core 

stations within the interior of the North America plate.  We corrected for apparent site 

displacements associated with phase-center offsets related to radome and antenna 

changes.  We did not estimate parameters representing periodic signals.  Possible velocity 

bias related to annually repeating signals can be minimized by using sites that span 

greater than 2.5 years and almost eliminated by using a 4.5 year-span (Blewitt and 

Lavallee, 2002).  Out of the 33 sites used in this study, 30 sites span greater than 2.5 
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years, whereas 26 span greater than 4.5 years.  Thus, we expect that any velocity bias 

related to periodic signals should be negligible for 30 sites.  The 3 sites having only 1.5 

years of continuous data were excluded from the modeling.  

The present-day horizontal and vertical velocity fields are shown in Figure 2.  The 

overall horizontal velocity field for the eastern Basin and Range suggests uniaxial east-

west extension, with west components of motion generally increasing westward from the 

Colorado Plateau, and north components with constant slightly southward motion.  Our 

results are in broad agreement with previously published data (Bennett et al., 1998; 

Thatcher et al., 1999; Hammond and Thatcher, 2004; Bennett et al., 2003, Friedrich et al., 

2003; Niemi et al., 2004; Chang et al., 2006; Bennett et al., 2007), which show horizontal 

extension of ~3 mm/yr over an area of about 400 km in the eastern Basin and Range.  

The maximum horizontal velocity was found at EGAN, with 3.46±0.01 mm/yr, located 

approximately 260 km west of the surface trace of the Wasatch fault. 

Vertical velocities were estimated relative to SNARF (Figure 2), giving rates that 

range between 0.3 and -1.2 mm/yr (σ ≤ 0.3 mm/yr) with weighted average of -0.32±0.15 

mm/yr, in general agreement with previously published vertical results (Bennett et al., 

2007).  We determined a no-net-vertical (NNV) reference frame such that the weighted 

average vertical motion among the 33 stations used was zero, thereby mitigating any long 

wavelength velocity biases associated with global deformation processes and/or reference 

frame instability (Bennett et al., 2007).  The measure of scatter, using the RMS vertical 

rates among the 33 sites, is 0.3 mm/yr, representing the combined effects of random 

measurement error, site-specific or short-wavelength systematic measurement error, 
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and/or actual ground motion. The vertical signals for the Basin and Range might be 

associated with broad-scale gravitational collapse, elastic strain accumulation on one or 

more normal faults, viscoelastic relaxation following historic earthquakes, and/or non-

tectonic signals such as those associated with volcanic centers, hydrological effects, and 

post-glacial isostatic rebound. The observed velocities show a slight longitudinal 

dependence; whereas sites in the east tend to move upward, sites to the west tend to move 

downward. By fitting a straight line to our observed dataset (Figure 5), we obtain a 

constant velocity gradient with slope of 0.3±0.4 nm/yr/km.  The observed velocities 

relative to SNARF can be thought of as a combined effect of glacial isostatic adjustment 

(GIA), tectonics, and other deformation and noise processes (Bennett et al., 2007). The 

uncertainties associated with the GIA predicted by the SNARF model is ~0.5 mm/yr, 

which is for most sites higher than the estimated uncertainties of the observed GPS data.  

The calculated SNARF GIA model contribution to the stations used in this study is 

shown on Figure 5 with a linear velocity gradient of -1.0±0.4 nm/yr/km.  The correction 

by subtracting the GIA effect to our observations would increase the gradient of the 

observed velocities by an amount of 1.2±0.6 nm/yr/km (Figure 5).  Even though the GIA 

uncertainties are in most part larger than the uncertainties in the observed velocities, we 

find that the SNARF GIA model contribution may not be completely negligible.  

Therefore we utilize both the GIA-corrected and uncorrected GPS velocity estimates.  

Although we expect no significant contribution from correcting for the GIA, mainly due 

to its high uncertainty, we nevertheless explore its effects to our geodetically derived 

velocities for completeness.  
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i. Models 

In order to explore the tectonic implications of the horizontal and vertical rate 

estimates, and their relationship to the upper crustal structure imaged by seismic 

reflection profiles as described above, we used a simple two-dimensional back-slip 

dislocation model in an elastic half space (Savage, 1983) to represent strain accumulation 

assuming one main buried dislocation (Figure 6).  We estimated dip, slip, locking depth, 

and location for a model of a west-dipping normal fault, using a constrained random 

search (CRS) algorithm (Brachetti et al., 1997).  We used the vertical and horizontal 

velocity estimates from both the observed and the observed-GIA datasets, for sites 

located within a 1400 km long swath.  The average azimuth of the horizontal components 

of site motion is N8°E, approximately orthogonal to the strike of the Wasatch fault (A-A’ 

of Figure 2).   We used the component of horizontal velocity projected onto this fault 

perpendicular direction.  The RMS of the observed velocity component parallel to the 

fault plane is 0.3±0.06 mm/yr, a factor of ~10 smaller than for the fault perpendicular 

components 2.4±0.05 mm/yr.  The RMS of the observed-GIA velocity component 

parallel to the fault plane is 0.5±0.15 mm/yr, a factor of ~8 smaller than for the fault 

perpendicular components 2.5±0.11 mm/yr. These values are indicating, that the GPS 

signal observed is very likely representing the extensional, perpendicular motion of the 

fault, confirming that our model is realistic.  Furthermore, these values, along with the 

fact that the observed vectors east of this region have nearly zero horizontal velocity, are 

also indicating that the SNARF has been correctly determined and that it provides an 
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appropriate frame of reference for our study.  A best-fit fault model was obtained, for 

both GPS datasets (Figure 6, a and b), using the CRS algorithm by minimimizing the χ2 

misfit of predicted velocities to the data.  The ranges of values searched are listed in 

Table 2.  We assessed the confidence regions and trade-offs among model fault parameter 

estimates using Δχ2 statistics (e.g., Press et al., 1986).  Figure 7, a and b, show the co-

dependence of Δχ2 for select dislocation parameters pairs.     

The best-fit fault dislocation for the observed dataset was found to have an 

estimated dip of 8±6º at a locking depth of 7±3 km (Figure 6a).  The horizontal location 

of the edge dislocation at depth lies just west of station RBUT.  The amount of fault slip 

predicted by this model is 3.2±0.2 mm/yr.  The normalized RMS misfit of the best-fit 

model to the GPS data is 9.4. Although no systematic trend is apparent in the residuals to 

the model fit, the NRMS value greater than one could indicate that there are other signals 

that may need to be taken into account, e.g., GIA.  It is also possible that a dislocation 

model is oversimplified, given the listric geometry observed in the seismic data.  

However, these model results are consistent with the low-angle nature of the surface 

observed in the seismic profile.  Additionally, it is possible that the true deformation at 

the surface is more complicated; there could be other active faults that are ignored in this 

model or an overprinting signal that is not related to a geologic structure.  The best-fit 

fault dislocation for the observed-GIA dataset was found to have an estimated dip of 

19±7º at a locking depth of 10±3 km (Figure 6b), and in agreement, within error, with the 

dislocation found by the previously mentioned model.  The amount of fault slip predicted 

by this model is 3.3±0.2 mm/yr.  The normalized RMS misfit of the best-fit model to the 
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GPS data is 2.3.  This value is much lower than for the previous model results, mainly 

due to the higher uncertainties associated with the GIA.  

Despite their simplicity, these model results are in accordance with the study of 

Bennett et al. (2007), which found that horizontal and vertical rates from continuous GPS 

in the vicinity of the Wasatch fault are inconsistent with slip on structures dipping greater 

than 30°.  The locking depth that we estimated based on the CRS is, within uncertainty, 

consistent with a transition from stick-slip to stable sliding or ductile flow at the brittle-

ductile transition zone in this region (8-12 km) (e.g., Stewart, 1978; Eaton, 1982; Smith 

and Bruhn, 1984).   

  

V. GEODYNAMIC IMPLICATIONS AND DISCUSSIONS 

Based on our interpretation of seismic reflection and GPS data, we illustrate our 

results in two simplified cross-sections of the upper 15 km of the crust of the eastern 

Basin and Range (Figure 8, a and b).  The schematic cross-section of Figure 8a shows the 

rates and pattern of lower crustal strain inferred from the crustal deformation analysis, as 

well as the elastic dislocation model results derived from the observed and observed-GIA 

datasets.  This figure also accounts for the listric and low-angle geometry of the Wasatch 

fault observed at depth, which was digitized from the seismic data.  Despite the relative 

simplicity of the elastic dislocation model, we find that the predicted dislocations are in 

general agreement with the seismic reflection data, and consistent with a regionally 

extensive low-angle surface in the eastern Basin and Range.  Furthermore, these results 

imply that this surface may represent aseismic creep across a low-angle normal fault 
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plane or the onset of ductile flow in the lower crust beneath the brittle-ductile transition 

zone under the present-day Basin and Range extensional regime.  We consider that most, 

if not all, surface expressions of normal faults observed in the seismic data presented here 

are linked at depth by reactivating previous thrusts that sole into this regionally extensive 

detachment (Figure 8b).  Based on our seismic interpretations, this detachment can vary 

between depths of 6 and 10 km, depending on where in the stratigraphic section the 

previous thrusts were located.  Our interpretation is in agreement with previous studies 

carried out in the Sevier belt and Basin and Range areas (e.g., Constenius, 1996; Coogan 

and DeCelles, 1996). 

Our analysis of seismic reflection data from Utah provides a better understanding 

of the geometries of upper crustal faults within the eastern Basin and Range.  Our 

interpretations of seismic reflection data from beneath the Great Salt Lake and farther 

south in central Utah, across the Wasatch fault, show that the major basin-bounding 

normal faults, including the Wasatch fault, generally have a listric shape, becoming 

subhorizontal at depths as shallow as 4 km, but no deeper than ~11 km.  These faults also 

appear to offset the surface, showing recent activity; of these faults, the Wasatch fault is 

considered the most active.  The rapid decrease in fault dip at depths shallower than the 

brittle-ductile transition zone in the Basin and Range might be explained by a gradual 

change of rheology and/or stress orientations with depth.  However, immediately west of 

the Wasatch Front (beneath the Great Salt Lake), the Sevier-age Willard and related 

thrusts, form reactivated structures into which the Tertiary listric normal faults sole 

(Constenius, 1996; Mohapatra and Johnson, 1998).  Similarly, the Sevier Desert 
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detachment (Allmendinger et al., 1983) and related low-angle planar normal faults are not 

easily explained by mechanical fault theory (e.g., Scholz, 1990), which suggests that at 

least some control on their structural development is exerted by preexisting structures 

(e.g., Coogan and DeCelles, 1996) or geological anisotropy.   

There has been a long-standing debate in the scientific community regarding 

mechanisms and geometries of continental extension, especially the role of low-angle 

normal faults in active tectonic settings (e.g., Wernicke, 1981).  These low-angle 

structures are observed in the geologic record (e.g., Abers, 1991; Johnson and Loy, 1992; 

Wernicke, 1995) and in seismic reflection lines (e.g., COCORP Utah Line 1); however, 

Andersonian fault theory generally precludes slip on low-angle surfaces.  Extending 

regions in the brittle upper crust are typically described by vertical principal stresses and 

Byerlee’s law (Byerlee, 1978), and should be characterized by normal faults that initiate 

at ~60° (e.g., Sibson, 1985).   Focal mechanisms for recorded normal events tend to be 

high angle, generally consistent with Andersonian theory, leading to the suggestion that 

faults form at high angles but are subsequently rotated to lower angles and become 

inactive, either due to rotation during later episodes of normal faulting along new, steeply 

dipping structures (Proffett, 1977), or due to isostatic adjustments (Wernicke and Axen, 

1988).  Thermochronological and paleomagnetic data (e.g., Garcés and Gee, 2007), on 

the other hand, support active slip on low-angle faults.  Thus, revisions to Andersonian 

theory have been suggested.   Some proposed mechanical theories call for rotations of 

stress due to either lower crustal flow, involving a change in rheology between the elastic 

upper crust and the viscous lower crust (Lister and Davis, 1989; Melosh, 1990), or 



 99 

resulting from the action of subhorizontal shear stress at the base of the brittle upper crust 

(Yin, 1989; Westaway, 1999).  Many low-angle normal faults are thought to have 

evolved from ductile shear zones into brittle faults as removal of the insulating hanging 

walls cooled the footwall shear zones (Davis and Coney, 1979).  However, although these 

types of faults are thought to record shear-zone evolution in the brittle-ductile transition 

zone, low-angle normal faults may also play a critical role in the evolution and dynamics 

of the brittle part of the crust (Axen et al., 2001).  In some instances, low-angle normal 

faults reactivate pre-existing low-angle structures.  Other hypotheses were proposed, as 

well, which include high pore-fluid pressure (e.g., Axen, 1992; Reston et al., 2007) and 

extensional wedge theory (Xiao et al., 1991).  

From our model results, the best-fit edge dislocation to the geodetic rate data is a 

low-angle surface (<30º) at a locking depth of ~7-10 km.  This dislocation may be 

interpreted in several ways.  The traditional interpretation of such an elastic dislocation 

model is that the dislocation plane represents a deeper extension of an upper crustal fault.  

For our case, we might envision that this deeper portion of the fault represents a 

reactivated Sevier-age décollement.  However, the tip of our model dislocation uniquely 

specifies only the locus of strain accumulation, and does not dictate the manner by which 

this elastic strain is converted into fault slip within brittle crustal levels.  Thus, a more 

general interpretation could be that this tip marks an “S-point” in the sense of Willet et al. 

(1993), indicating the onset of mechanical decoupling that could be facilitated by any 

number of mechanisms, including aseismic fault slip, localized ductile shear, or crustal 

flow.  Regardless of these possible interpretations, the spatial coincidence of our 
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geodetically inferred dislocation tip with the seismically imaged upper crustal fault 

structures at or near the brittle-ductile transition strongly suggests a mechanical 

relationship between upper crustal and lower crustal processes.  We do not address the 

important question of whether or not the dislocation tip dictates the location of the faults 

(through stress trajectories), or conversely whether the location of the existing faults 

dictates the location of the tip.   Moreover, our data provide no observational basis for 

claiming that the spatial relationship between the dislocation tip and the upper crustal 

faults of the eastern Basin and Range remains constant over time.  However, it seems safe 

to assume that the theory of elastic strain accumulation and release would suggest that 

ephemeral elastic strain represented by the dislocation is ultimately released as permanent 

strain partitioned among the mapped surface faults over time-scales that are long relative 

to the nominal earthquake cycle.   

The more specific interpretation of the sub-horizontal dislocation as representing 

a zone of upper and lower crustal detachment might be consistent with previously 

proposed mechanisms for reconciling Andersonian fault theory with slip on low-angle 

surfaces.  These mechanisms call for rotations of principal stress directions with depth 

due to either lower crustal flow (Lister and Davis, 1989; Melosh, 1990), or resulting from 

the action of localized shear zones at the base of the brittle upper crust (Yin, 1989; 

Holbrook et al., 1991; Westaway, 1999).  The dislocation tip may also represent the 

chloritic breccia zone of Axen (1992), which was proposed to explain slip of low-angle 

structures via fault weakness due to high pore fluid pressure and anisotropy imparted by 

the older mylonitic foliation. 
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Our seismic data analysis, concentrated on the brittle part of the continental crust, 

gives us a better understanding of the elastic behavior of the upper crust and how this 

permanent deformation is distributed.  In contrast, our geodetic data measure strain 

localization at the surface, which can be used to infer strain at or near the brittle-ductile 

transition.  The combination of both datasets helps reconcile lower crustal phenomena 

that could have implications for active low-angle normal faults (e.g., Wernicke, 1995) 

and shallower structures above.    

A western extrapolation of the low-angle surface that we imaged using seismic 

and geodetic data might provide a candidate surface across which the intracontinental 

strain transient described by Davis et al. (2006) could have occurred.    The strain 

transient was recorded by continuous GPS stations located within eastern and central 

Nevada.  It has a similar character to slow slip events recorded in Cascadia, suggesting a 

subcontinental-scale “megadetachment” near the Moho beneath the Basin and Range 

(Wernicke et al., 2008).  Based on our models and interpretation, if we assume that the 

low-angle surface is a continuous structure, it would intercept Moho depths (~30 km) at 

approximately 200 km west of its starting location, in general agreement with the location 

of the eastern boundary of this “megadetachment”.  The interaction between these 

tectonic elements could potentially control the energy transfer across the entire crust 

within this deformation zone, providing a kinematic basis for understanding lithospheric 

dynamics across the Basin and Range Province. 
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VI. CONCLUSIONS 

Subsurface structure derived from seismic reflection data and crustal deformation 

from using jointly horizontal and vertical geodetic measurements provide new insights to 

how strain may be accommodated in the upper crust of eastern Basin and Range.  We 

developed a new model for crustal structure and kinematics based on seismic reflection 

evidence for subsurface fault geometries in central Utah at the Wasatch fault zone and 

a continuous twelve-year record of GPS measurements that show present-day strain 

accumulation in the eastern Basin and Range Province.  Our GPS modeling results 

combined with fault geometries derived from seismic reflection data are consistent with a 

regionally extensive low-angle basal detachment beneath the eastern Basin and Range at 

depths between 7-10 km.  Our data support the conclusion that the shallower listric 

normal faults observed on the seismic data are reactivated Sevier-age structures that 

accommodate present-day extension of the eastern Basin and Range.  These structures 

may be connected at depth with a regionally extensive low-angle surface, thought to be 

accommodating aseismic slip at or above the brittle-ductile transition or ductile flow 

beneath the brittle-ductile transition zone under the present-day Basin and Range 

extensional regime. 

 

VII. AKNOWLEDGEMENTS 

We thank: Kiriaki Xiluri and Steve Sorensen for their invaluable help with seismic data 

loading and computer software maintenance; Lynn Peyton, Kurt Constenius, and Noah 

Fay for their constructive comments; Bob Krantz, ConocoPhillips, for the valuable 

discussions.  We also like to thank our reviewers, Laura Serpa and Bill Hammond, for 



 103 

their helpful and constructive comments.  We used data from the PBO and PBO 

NUCLEUS component of the NSF Earthscope facility operated by UNAVCO. The CGPS 

stations used were conceived, constructed, operated, and maintained through the efforts 

of numerous NSF investigators and UNAVCO Facility engineers. Industry seismic data 

were donated by Amoco Production Company (BP) and ExxonMobil.  Seismic data were 

processed using Promax software (Landmark Graphics Inc.) and interpreted using The 

Kingdom Suite from Seismic Micro-Technologies.  Mark Brandon provided a software 

implementation of the constrained random search algorithm.   This project was supported 

in part by NSF Tectonics grant 0510484 to R.A. Bennett.    

 

VIII. REFERENCES 

Abers, G.A. (1991). Possible seismogenic shallow-dipping normal faults in the 
Woodlark-D'Entrecasteaux extensional province, Papua New Guinea. Geology: 
Vol. 19, No. 12 pp. 1205–1208. 

 
Allmendinger, R.W., Sharp, J.W., Von Tish, D. Serpa, L., Brown, L., Kaufmann, S., 

Oliver, J. and Smith, R.B. (1983). Cenozoic and Mesozoic structure of the eastern 
Basin and Range Province, Utah, from COCORP seismic-reflection data, 
Geology, 11, 532–536. 

 
Anders, M.H., and Christie-Blick, N. (1994). Is the Sevier Desert reflection of west-

central Utah a normal fault?: Geology, v. 22, p. 771–774. 
 
Anderson, R.E. (1971). Thin-skin distension in Tertiary rocks of southwestern Nevada: 

Geological Society of America Bulletin, v. 82, p. 43–58. 
 
Armstrong, R.L. (1972). Low-angle (denudation faults), hinterland of the Sevier orogenic 

belt, eastern Nevada and western Utah: Geological Society of America Bulletin, 
v. 83, p. 1729–1754. 

 
Axen, G.J., 1992. Pore pressure, stress increase, and fault weakening in low-angle normal 

faulting, Journal of Geophysical Research, vol. 97, NO.B6, p. 8979-8991.  
 
Axen, G.J., Selverstone, J., and Wawrzyniec, T. (2001).  High-temperature embrittlement 

of extensional Alpine mylonite zones in the midcrustal ductile-brittle transition: 
Journal of Geophysical Research, v. 106, p. 4337–4348. 

 



 104 

Bennett, R.A., Wernicke, B.P., and Davis, J.L. (1998). Contiuous GPS measurements of 
contemporary deformation across the northern Basin and Range: Geophys. Res. 
Lett., v25, 563-566.  

 
Bennett, R., Wernicke, B., Niemi, N., Friedrich, A., Davis, J. (2003). Contemporary 

strain rates in the northern Basin and Range province from GPS data. Tectonics, 
Vol. 22, No. 2, 1008. 

 
Bennett, R., Hreinsdóttir, S., Velasco, M.S. and Fay, N. (2007).  GPS constraints on 

vertical crustal motion in the northern Basin and Range.  Geophysical Research 
Letters, v. 34, L22319. 

 
Bird, P. (1991).  Lateral extrusion of lower crust from under high topography, in the 

isostatic limit. J. Geophys. Res. 96, 10275-10286. 
 
Black, B.D., Lund, W.R., Schartz, D.P., Gill, H.E., and Mayes, B.H. (1996). 

Paleoseismology of Utah, volume 7--Paleoseismic investigation on the Salt Lake 
City segment of the Wasatch fault zone at the South Fork Dry Creek and Dry 
Gulch sites, Salt Lake County, Utah: Utah Geological Survey Special Study 92, 
22 p. 

 
Blewitt G. and Lavallee D. (2002).  Effect of annual signals on geodetic velocity.  Journal 

of Geophysical Research, 107 (B7). 
 
Blewitt, G., Argus, D., Bennett, R., Bock, Y., Calais, E., Craymer, M., Davis, J., Dixon, 

T., Freymueller, J., Herring, T., Johnson, D., Larson, K., Miller, M., Sella, G., 
Snay, R. and Tamisiea, M. (2005). A Stable North American Reference Frame 
(SNARF): First Release, Proceedings of the Joint UNAVCO/IRIS Workshop, 
Stevenson, WA, USA, June 9-11. 

 
Brachetti, P., De Felice Ciccoli, M., Di Pillo, G. and Lucidi, S. (1997). A new version of 

the Prices algorithm for global optimization. Journal of Global Optimization, 10, 
165-184. 

 
Brock, W.G. and Engelder, T. (1977). Deformation associated with the movement of the 

Muddy Mountain overthrust in the Buffington window, southeastern Nevada, 
Geol. Soc. Amer. Bull., 88, 1667-1677. 

 
Byerlee, J. (1978). Friction of rocks: Pure and Applied Geophysics, v. 116, p. 615–626.  
 
Caskey, S.J., Wesnousky, S.G., Zhang, P., and Slemmons, D.B. (1996). Surface faulting 

of the 1954 Fairview Peak (MS 7.2) and Dixie Valley (MS 6.8) earthquakes, 
central Nevada. Bulletin of the Seismological Society of America. 86, 761-787. 

 



 105 

Chang,W., Smith, R., Meertens, M. and Harris, R. (2006). Contemporary deformation of 
the Wasatch Fault, Utah, from GPS measurements with implications for 
interseismic fault behavior and earthquake hazard: Observations and kinematic 
analysis. Journal of Geophysical Research, 111, B11, 405.  

  
Colman, S., Kelts, K., and Dinter, D. (2002). Depositional history and neotectonics in 

Great Salt Lake, Utah, from high-resolution seismic stratigraphy, 148, p. 61-78. 
 
Coogan, J.C. and DeCelles, P.G. (1996). Seismic architecture of the Sevier Desert 

detachment basin: evidence for large-scale regional extension: Geology, v. 24, p. 
933-936. 

 
 
Coney, P.J. and Harms, T.A. (1984). Cordilleran metamorphic core complexes: Cenozoic 

extensional relics of Mesozoic compression. Geology 12, 550– 554. 
 
Constenius, K. (1996). Late Paleogene extensional collapse of the Cordilleran foreland 

fold and thrust belt. Geol. Soc. Amer. Bull. 108, p. 20–39. 
 
Constenius, K., Esser, R. and Layer, P. (2003).  Extensional collapse of the Charleston-

Nebo Salient and its relationship to space-time variations in Cordilleran orogenic 
belt tectonism and continental stratigraphy.  In Cenozoic systems of the Rocky 
Mountains Region, Raynolds, R. and Flores, R., eds.  Denver, CO.: Rocky 
Mountain SEPM.  

 
Crittenden, M.D., Coney, P.J., and Davis, G.H. (1980). Cordilleran metamorphic core 

complexes: Geological Society of America Memoir 153, p. 490. 
 
Davis, G.H. (1983).  Shear-zone model for the origin of metamorphic core complexes. 

Geology; June 1983; v. 11; no. 6; p. 342-347. 
 
Davis, G.H., and Coney, P.J. (1979). Geologic development of Cordilleran metamorphic 

core complexes: Geology, v. 7, p. 120–124. 
 
Davis, J.L., Wernicke, B.L., Bisnath, S., Neimi, N.A., and Elosegui, P. (2006). 

Subcontinental-scale crustal velocity changes along the Pacific-North America 
tranform plate boundary from BARGEN GPS data, Nature, v. 441, 1131, 
doi:10.1038.nature0478112/2006. 

 
Dickinson, W. (2002). The Basin and Range Province as a Composite Extensional 

Domain. International Geology Review, v. 44, p. 1-38. 
 



 106 

Dixon, T.H., Miller, M., Farina, F., Wang, H., and Johnson, D. (2000). Present-day 
motion of the Sierra Nevada block and some tectonic. implications for the Basin 
and Range province, North America Cordillera, Tectonics, v. 19, p. 1- 24. 

 
Doser, D.I., and Smith, R.B. (1989). An assessment of source parameters of earthquakes 

in the cordillera of the western United States, Bull. Seis. Soc. Am, 79, 1383-1409. 
 
Eaton, G. (1982). The Basin and Range Province: Origin and tectonic significance, Annu. 

Rev. Earth Planet. Sci., 10, 409–440. 
 
Friedrich, A., Wernicke, B. and Niemi, N. (2003). Comparison of geodetic and geologic 

data from the Wasatch region, Utah, and implications for the spectral character of 
Earth deformation at periods of 10 to 10 million years. Journal of Geophysical 
Research, 108, No. B4, 2199. 

 
Friedrich, A. M., Lee, J., Wernicke B. P., and Sieh, K. (2004). Geologic context of 

geodetic data across a Basin and Range normal fault, Crescent Valley, Nevada, 
Tectonics, 23, TC2015. 

 
Garcés, M., and Gee, J.S. (2007). Paleomagnetic evidence of large footwall rotations 

associated with low-angle normal faults at the Mid-Atlantic Ridge: Geology, v. 
35, p. 279–282. 

 
Gilbert, H. and Sheehan, A. (2004). Images of crustal variations in the intermountain 

west. J. Geophys. Res., 109, B03306. 
 
Hamilton, W.B. (1978). Mesozoic tectonics of the western United States: Soc. Econ. 

Paleontol. Mineral., Pacific Sec., Paleogeography Symposium 2, p. 33‑70. 
 
Hammond, W.C. and Thatcher, W. (2004). Contemporary tectonic deformation of the 

Basin and Range province, western United States: 10 years of observation with 
the Global Positioning System, Journal of Geophysical Research, 109, B08403. 

 
Harris, R.A., Smith, R.B., Chang, W.L., Meertens, C.M., and Friedrich, A.M. (2000).  

Temporal distribution of extensional strain across the southern Wasatch fault 
zone: geological constraints for the GPS velocity field, Eos. Trans. AGU 81, 
F1230. 

 
Herring, T.A., King, R.W., McClusky, S.C., (2006a).  GAMIT Reference Manual GPS 

Analysis at MIT Release 10.3. Department of Earth, Atmospheric, and Planetary 
Sciences Massachussetts Institute of Technology. 

 



 107 

Herring, T.A., King, R.W., McClusky, S.C., (2006b). Global Kalman filter VLBI and 
GPS analysis program Release 10.3. Department of Earth, Atmospheric, and 
Planetary Sciences Massachussetts Institute of Technology.  

 
Holbrook, W.E., Catchings, R.D., Jarchow, C.M. (1991).  Origin of deep crustal 

reflections: Implications of coincident seismic refraction and reflection data in 
Nevada, Geology, v. 19, p. 175-179. 

 
Johnson, R.A., and Loy, K.L. (1992). Seismic reflection evidence for seismogenic low-

angle faulting in southeastern Arizona: Geology, 20, 597-600. 
 
Jones, A., Gough, D., Kurtz, R., DeLaurier, J., Boerner, D., Craven, J., Ellis, R., and Mc-

Neice, G. (1992). Electromagnetic images of regional structure in the southern 
Canadian Cordillera: Geophysical Research Letters, v. 12, p. 2373–2376. 

 
Lister, G.S. and Davis, G.A. (1989).  The origin of metamorphic core complexes and 

detachment faults formed during Tertiary continental extension in the northern 
Colorado River region, U.S.A.  J. struct. Geol., v. 11, p. 65-94. 

 
Lund, W.R., and Black, B.D. (1998) Paleoseismology of Utah, volume 8--Paleoseismic 

investigation at Rock Canyon, Provo segment, Wasatch fault zone, Utah County, 
Utah: Utah Geological Survey Special Study 93, 21 p. 

 
Malservisi, R., Dixon, T. LaFemina, P. (2003).  Holocene slip rate of the Wasatch fault 

zone, Utah, from geodetic data, Geophys. Res. Lett., 30, 1673. 
 
Martinez, L.J., Meertens, C.M. and Smith, R.B. (1998). Rapid Deformation Rates Along 

the Wasatch Fault Zone, Utah, from First GPS Measurements With Implications 
for Earthquake Hazard, Geophys. Res. Lett., 25(4), 567–570. 

 
McCalpin, J.P., Forman, S.L., and Lowe, M. (1994). Reevaluation of Holocene faulting 

at the Kaysville site, Weber segment of the Wasatch fault zone, Utah:  Tectonics, 
v. 13, no. 1, p. 1-16. 

 
Melosh, H. (1990). Mechanical basis for low-angle normal faulting in the Basin and 

Range province.  J. Nature, v. 343, p. 331-335. 
 
Mohapatra, G. K. (1996). Faulting and basin geometry beneath the Great Salt Lake: 

Implications for basin evolution and Cenozoic extension. Unpublished PhD 
Dissertation, Department of Geosciences, University of Arizona, Tucson, 
Arizona, 1–159. 

 
Mohapatra, G.K., Petropoulos, G., and Johnson, R.A. (1993). Extension and structural 

evolution beneath the Great Salt Lake, Utah:  Results from reflection seismic 



 108 

imaging:  EOS, Transactions, American Geophysical Union, v. 74 (supplement), 
p. 412. 

 
Mohapatra, G.K. and Johnson, R.A. (1998). Localization of listric faults at thrust ramps 

beneath the Great Salt Lake Basin, Utah:  Evidence from seismic imaging and 
finite element modeling. Journal of Geophysical Research, 103, B5, p. 10,047-
10,063. 

 
Niemi, N., Wernicke, B., Frederick, A., Simmons, M., Bennett, R., Davis, J. (2004). 

BARGEN continuous GPS data across the eartern Basin and Range province, and 
implications for fault system. Geophys. Journ. Int. 159(3): 842-862. 

 
Otton, J. (1995).  Western frontal fault of the Canyon Range: Is it the breakway zone of 

the Sevier Desert detachment.  Geology, v.23, no. 6, p. 547-550. 
 
Press, W.H., Flannery B.P., Teukolsky S.A., Vetterling W.T. (1986).  Numerical Recipes. 

Cambridge University Press, London. 
 
Proffett, J.M., Jr. (1977). Cenozoic geology of the Yerington District, Nevada, and 

implications for nature and origin of Basin and Range faulting: Geological 
Society of America Bulletin, v. 88, p. 247–266. 

 
Reston, T. J., Leythaeuser, T., Booth-Rea, G., Sawyer, D., Klaeschen, D. and Long C. 

(2007). Movement along a low-angle normal fault: The S reflector west of Spain, 
Geochem. Geophys. Geosyst., 8, Q06002. 

 
Savage, J.C. (1983).  A dislocation model for strain accumulation and release at a 

subduction zone.  J. Geophys. Res., 88, p. 4984–4996. 
 
Savage, J.C. (1990).  Equivalent strike-slip cycles in half-space and lithosphere-

asthenosphere earth models. Journal of Geophysical Research,vol. 95, p. 4873 -
4879. 

 
Savage, J.C. (2000).  Viscoelastic-coupling model for the earthquake cycle driven from 

below. Journal of Geophysical Research-Solid Earth, v. 105, p. 25,525–25,532. 
 
Savage, J.C., Lisowski, M., and Prescott, W.H. (1992). Strain accumulation across the 

Wasatch fault near Ogden, Utah: Journal of Geophysical Research, v. 97, no. B2, 
p. 2071-2083. 

 
Savage, J.C., Svarc, J.L. and Prescott, W.H. (1999). Geodetic estimates of fault slip rates 

in the San Francisco Bay Area, J. Geophys. Res. 104,4995 -5002. 
 
Scholz, C.H. (1990). The Mechanics of Earthquakes and Faulting, 1st ed. Cambridge 



 109 

Univ. Press, Cambridge. 
 
Schwartz, D.P., and Coppersmith, K.J. (1984). Fault behavior and characteristic 

earthquakes: Examples from Wasatch and San Andreas fault zones, J. Geophys. 
Res., 89, 5681-5698. 

 
Shimazaki, K. and Nakata, T. (1980).  Time-predictable recurrence model for large 

earthquakes. Geophysical Research Letters, Vol. 7, P.279-282.  
 
Sibson, R.H. (1985). A note on fault reactivation. Journal of Structural Geology, 7, 751–

754. 
 
Smith, R.B. and Sbar, M. (1974). Contemporary tectonics and seismicity of the Western 

United States with emphasis on the Intermountain Seismic Belt, Bull. Geol. Soc. 
Am., 85, 1205-1218. 

 
Smith, R.B., and Bruhn, R.L. (1984). Intraplate extensional tectonics of the western U.S. 

Cordillera – Inferences on structural style from seismic-reflection data, regional 
tectonics and thermal‑mechanical models of brittle‑ductile deformation: Journal 
of Geophysical Research, v. 89, no. B7, p. 5733‑5762. 

 
Smith, R.B. and Arabasz, W.J. (1991). Seismicity of the Intermountain Seismic Belt, in 

Neotectonics of North America, D. B. Slemmons, E. R. Engdahl, M. L. Zoback 
and D. D. Blackwell (editors), Geol. Soc. Am., SMV V-1, Decade Map Volume 
1, 185- 228. 

 
Spencer, J. (1984).  Role of tectonic denudation in warping and uplift of low-angle 

normal faults.  Geology, v. 12, p. 95–98. 
 
Spencer, J.E., and Chase, C.G. (1989).  Role of crustal flexure in initiation of low-angle 

normal faults and implications for structural evolution of the Basin and Range 
province: Journal of Geophysical Research, v. 94, p. 1765–1775. 

 
Stewart, J. H. (1978). Basin-range structure in western North America: A review, in 

Cenozoic Tectonics and Regional Geophysics of the Western Cordillera, edited 
by R. B. Smith and G. P. Eaton. Mem. Geol. Soc. Am., 152, 1 – 31. 

 
 
Satarugsa P. and Johnson R.A. (1998). Crustal velocity structure beneath the eastern 

flank of the Ruby Mountains metamorphic core complex: results from normal-
incidence to wide-angle seismic data Tectonophysics, Volume 295, Number 3, pp. 
369-395(27). 

 



 110 

Thatcher, W., Foulger, G.R., Julian, B.R., Svarc, J., Quilty, E. and Bawden, G.W. (1999). 
Present-Day Deformation Across the Basin and Range Province, Western United 
States. Science, Vol. 283. no. 5408, pp. 1714-1718. 

 
Vergne, J., Cattin, R., and Avouac, J.P. (2001).  On the use of dislocations to model 

interseismic strain and stress build-up at intracontinental thrust faults, Geophys. 
Jour. Int. 147, 155-162. 

 
Von Tish, D.B., Allmendinger, R.W., and Sharp, J.W. (1985). History of Cenozoic 

extension in central Sevier Desert, west-central Utah, from COCORP seismic refl 
ection data: American Association of Petroleum Geologists Bulletin, v. 69, p. 
1077–1087. 

 
Wallace, R.E. (1987).  Grouping and migration of surface faulting and variations in slip 

rates on faults in the Great Basin province: Seismological Society of America 
Bulletin, v. 77, n. 3, p. 868-876. 

 
Wernicke, B. (1981). Low-angle normal faults in the Basin and Range Province: Nappe 

tectonics in an extending orogen: Nature, v. 291, p. 645–648. 
 
Wernicke, B. (1995). Low-angle normal faults and seismicity: A review: Journal of 

Geophysical Research, v. 100, p. 20,159–20,174. 
 
Wernicke, B., and Axen, G.J. (1988). On the role of isostasy in the evolution of normal 

fault systems: Geology, v. 16, p. 848–851. 
 
Wernicke, B., Axen, G.J., and Snow, J.K. (1988). Basin and Range extensional tectonics 

at the latitude of Las Vegas, Nevada: Geological Society of America Bulletin, v. 
100, p. 1738–1757. 

 
Wernicke, B., Davis, J.L., Bennett, R.A., Normandeau, J.E., Friedrich, A.M., and Niemi, 

N.A. (2004). Tectonic implications of a dense continuous GPS velocity fi eld at 
Yucca Mountain, Nevada: Testing the Extensional Detachment Paradigm: 
Scientifi c Drilling in the Sevier Desert Basin. Journal of Geophysical Research 
Research, v. 109, n. B12404. 

 
Wernicke, B., Davis, J.L., Niemi, N.A., Luffi, P. and Bisnath, S. (2008).  Active 

megadetachment beneath the western United States. Journal of  Geophysical 
Reaserch, v. 113, B11409, doi:10.1029/2007JB005375. 

 
Westaway, R. (1999).  The mechanical feasibility of low-angle normal faulting: 

Tectonophysics, v. 308, p. 407–443. 
 
Wheeler, R.L., and Krystinik, K.B. (1992). Persistent and nonpersistent segmentation of 



 111 

the Wasatch Fault Zone, Utah: statistical analysis for evaluation of seismic 
hazard, in Assessment of Regional Earthquake Hazards and Risk Along the 
Wasatch Front, Utah, P. L. Gori and W. W. Hays (Editors), U.S. Geol. Surv. 
Profess. Pap. 1500-A-J, B1–B47. 

 
Willett, R.L., Ruel, R.R., West, K.W. and Pfeiffer, L.N. (1993). Experimental 

demonstration of a Fermi surface at one-half filling of the lowest Landau level 
Phys. Rev. Lett. 71, 3846-3849.  

 
Wills, S., and Anders, M.H. (1996).  Western frontal fault of the Canyon Range: Is of the 

Sevier Desert detachment?: Comment: Geology, v. 24, p. 667-668. 
 
Wilson, P.N. and Presnell, R.D. (1992).  Alteration, Mineral Deposits and Structural 

Relationships of the Oquirrh Mountains, Utah: in Field Guide to Geologic 
Excursions in Utah and Adjacent Areas of Nevada, Idaho and Wyoming, edited 
by Wilson, J.R.  Utah Geological Survey, 481 pages. 

 
Wright, L.A., and Troxel, B.W. (1973). Shallow-fault interpretation of Basin and Range 

structure, southwestern Great Basin, in de Jong, K.A., and Scholten, R., eds., 
Gravity and tectonics: New York, John Wiley and Sons, p. 397–407. 

 
Xiao, H., Dahlen, F. A. & Suppe, J. (1991). Mechanics of extensional wedges, J. 

Geophys. Res., 96, 10301-10318. 
 
Yin, A. (1989). Origin of regional rooted low-angle normal faults: A mechanical model 

and its implications: Tectonics, v. 8, p. 469–482. 
 
Zatman, S. (2000). On steady rate coupling between an elastic upper crust and a viscous 

interior. Geophysical Research Letters, v. 27, p. 2421–2424. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 112 

 
 
 
 
 
 
 
 
 
 

 

Table 1.  Summary of Wasatch fault inferred dips and geometries obtained from different 
methods. 
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Table 2.  Range of values and model results obtained from the constrained random 

search algorithm used for predicting elastic dislocations. 
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Figure 1.  Regional map of the western United States indicating area of study (right).  

Dashed line shows San Andreas Fault (SAF) and transform motion.  Arrow shows 

motion of Pacific Plate (PAC) with respect to North American Plate (NAm).  

Regional map of the northern Basin and Range showing seismicity and location of 

COCORP Utah seismic line 1 (left).  
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Figure 2. GPS station map showing horizontal and vertical velocity fields estimated from 

continuous GPS measurements.  Error ellipses represent the 95% confidence 

regions for the horizontal components.  The error bars for the vertical rates 

represent 1σ confidence level.   All velocities refer to the Stable North America 

Reference Frame (SNARF) version 1.0.  Main normal faults area shown in solid 

lines and seismic lines are shown in dashed lines (UQ-12; XOM: Exxon lines 

84AU19, 85AH12, 81J10; U1: COCORP Utah Line 1).  GSL: Great Salt Lake, 

ELF: East Lake Fault, WWS: Wasatch Weber Segment, WPS: Wasatch Provo 

Segment, WNS: Wasatch Nephi Segment, WLS: Wasatch Levan Segment, GF: 

Gunnison Fault, WFS: Wasatch Fayette Segment, PRF: Pavant Range Fault, 

SDD; Sevier Desert Detachment, SL: Sevier Lake, HRF: House Range Fault.  
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Figure 3. Collage of depth converted seismic lines, from west to east of 84AU19, 

85AH12 and 81J10.  The uninterpreted sections are shown above and with 

interpretation below.  WF: Wasatch Fault, GF: Gunnison Fault.  Refer to Figure 3 

for line location. 

 

 



 117 

 
 

Figure 4. Depth converted seismic line UQ-12, located within the Great Salt Lake. The 

uninterpreted section is shown above and with interpretation below. ELF: East 

Lake Fault.  Refer to Figure 3 for line location. 
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Figure 5. Observed vertical rates relative to SNARF, SNARF GIA model evaluated at 

the GPS sites, and the observed minus SNARF rates (see text). Error bars 

represent 1σ for the observed, observed-GIA and SNARF GIA data points.  
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Figure 6. Velocity profiles and elastic dislocation model results.  The plots show 

measured horizontal (above) and vertical (below) velocities perpendicular to the 

strike of the Wasatch fault with 1σ, represented by the error bars.  See A-A’ on 

Figure 3 for profile location.  These data were used to estimate a best-fit model 

for slip, dip locking depth and location on a normal fault. (a) Dislocation model 

results using the observed GPS dataset relative to SNARF. (b) Same as for Figure 

6a but showing dislocation model results using the observed-GIA model 

contribution. 
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Figure 7. Pairs plots of the measure of the fit of the estimated parameters used in the 

dislocation models: (a) using the observed GPS data relative to SNARF and (b) 

using the observed-GIA model contribution. 

 

 



 121 

 
 

Figure 8. Schematic cross-sections of the eastern Basin and Range: (a.) showing the 

location of the Wasatch fault, digitized from the seismic, the horizontal and 

vertical velocities from continuous GPS data (triangles), and elastic dislocation 

model results for the observed GPS data (dark gray line) with uncertainties 

(dashed) and for the observed minus the SNARF GIA model contribution (light 

gray line) with uncertainties (dashed); and (b.) showing interpretation of the 

seismic data, dislocation estimated from the observed GPS data, and additional 

interpretation modified from Constenius (1996). 
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I. INTRODUCTION 

 The greater Wasatch fault zone in north-central Utah is an ideal location to 

investigate the relationship between active upper and middle crustal deformation 

processes owing to the wealth of geophysical and geological data bearing on the rates and 

patterns of ephemeral elastic strain accumulation within this zone, and the subsurface 

structure involved in accommodating extension over multiple earthquake cycles.  

However, surprisingly few studies have attempted to forge the link between 

geophysically imaged subsurface structure (e.g., seismic reflection profiles) and 

kinematic models of the interseismic crustal velocity field.  Niemi et al. (2003) studied 

crustal deformation through time for several faults within the Wasatch fault zone, 

comparing vertical fault slip rates representing late Quaternary and Holocene time 

periods, subsurface fault geometries from seismic reflection profiles, and geodetic 

measurements of crustal velocity from continuous GPS.  They found that although late 

Quaternary fault displacement rates are consistent with the broad strain-rate field inferred 

from the geodetic velocities, Holocene displacement rates were anomalously high on 

some faults.  They interpreted these results as indicating steady-state loading involving 

lower crustal strain accumulation at constant rate, overprinted by temporally 

heterogeneous strain accumulation in the brittle crust on ~10 kyr time scales.  However, 

the mechanism of steady middle-to-lower crustal strain accumulation and its relationship 

with the interseismic elastic strain field and distributed upper crustal faulting were not 

discussed in that study in detail.  Velasco et al. (in press) used an overlapping set of 

geodetic and seismic reflection data for the same region to show that elastic strain 
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accumulation may involve a sub-horizontal detachment, in contrast to the high-angle 

upper crustal normal faults that characterize most uppermost crustal extension.  Their 

hypothesis was based on (1) previous geologic observations (e.g., Friedrich et al., 2003; 

Niemi et al., 2004) and seismic reflection lines indicating pervasive brittle deformation of 

the Wasatch fault hangingwall and (2) the correlation between the location and dip of a 

geodetically inferred dislocation plane with a deep seismically imaged reflection surface, 

interpreted as a reactivated basal detachment.  

In this study, we provide additional tests of this low angle detachment hypothesis.  

First, we present seismic reflection data from the Great Salt Lake area that build upon 

previous research regarding the activity of the East Lake and Carrington faults.  We find 

that these faults, which initiate at high-angle, become listric with depth and may extend 

down to mid-crustal levels, are important components of the larger fault zone that 

includes the Wasatch fault and other active normal faults to the west.  The listric nature 

of these faults has implications for the relationship between the high-angle of these 

structures at the surface and lower angle at depth.  Second, we develop a 3-dimensional 

deformation model to directly test the assumption that slip across the seismically imaged 

detachment is consistent with the observed geodetic velocity field.   

 

II. GEOLOGICAL SETTING 

The complex tectonic history of the Basin and Range Province has been shaping 

this region’s present landscape since the mid- to late-Miocene.  However, the overall 

topography is the result of ongoing crustal extension involving numerous normal faults 
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since the late Oligocene.  In the eastern Basin and Range (Figure 1), offset late 

Quaternary sedimentary and volcanic deposits indicate that most basin-bounding normal 

faults have ruptured the surface at least once during the late Quaternary (e.g., 

Dohrenwend et al., 1996; Hecker, 1993).  However, the outline of seismicity in the 

eastern Basin and Range appears to indicate that only a relatively narrow band along the 

province’s eastern boundary, referred to as the Intermountain Seismic Belt, is seismically 

active (Smith and Sbar, 1974; Smith and Arabasz, 1991).  Continuous Global Positioning 

System (CGPS) measurements of present-day crustal velocities across the eastern Basin 

and Range, show that the region is currently extending about 3 mm/yr across a ~350-

km-wide swath (Bennett et al., 2003, Friedrich et al., 2003; Niemi et al., 2004).  The 

Wasatch fault zone defines the eastern boundary of the Basin and Range Province and 

represents the structural transition to the Colorado Plateau and Middle Rocky Mountains 

to the east.  This fault zone has been considered the major, presently active, tectonic 

structure accommodating horizontal extension (e.g., Savage et al., 1992; Martinez et al., 

1998; Malservisi et al., 2003; Chang et al., 2006); however other range-bounding normal 

faults located mainly west of it (e.g., Dinter and Pechmann, 1999; Colman et al., 2002), 

have also experienced Quaternary offset (Wallace, 1987; Friedrich et al., 2003; Niemi et 

al., 2004). 

Immediately west of the Wasatch fault, between latitudes 40° and 41.5° N, there 

are several fault systems that have experienced Holocene extension (e.g, Keaton et al., 

1987; Everitt and Kaliser, 1980; Olig et al., 1996).  These fault zones are thought to have 

similar tectonic histories to the Wasatch fault; however, they appear to accommodate a 
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significantly smaller fraction of the total present-day eastern Basin and Range slip budget 

(Friedrich et al., 2003).  Among the faults considered to be active in the region are the 

West Valley fault zone, the Oquirrh-East Lake fault zone and the Stansbury fault zone 

(Figure 2).  The West Valley fault zone (Figure 2) is located immediately west of the Salt 

Lake City segment of the Wasatch fault and is considered to be an intrabasin graben-

bounding fault system.  This fault system is characterized by several discontinuous fault 

traces that appear to have ruptured at about the same time as the two most recent events 

recorded on this section of the Wasatch fault (Keaton et al., 1987; Solomon, 1998).  

According to this evidence, it has been suggested that movement on the West Valley fault 

zone may be directly tied to movement on the Salt Lake City segment of the Wasatch 

fault (Hecker, 1993).  The East Lake-Oquirrh fault zone is a west-dipping normal-fault 

system located along the western base of the Oquirrh Mountains and is imaged to 

continue beneath the Great Salt Lake (Smith and Bruhn, 1984; Viveiros, 1986; 

Mohapatra and Johnson, 1998; Dinter and Pechmann, 1999).  According to trench 

excavations of the Oquirrh fault, the paleoseismic events recorded did not appear to have 

been influenced by Wasatch fault activity (Olig et al., 1996).  The Stansbury fault zone is 

also a west-dipping normal fault system comprised of two range-bounding fault segments 

and two faults farther west (Helm, 1995).  Although poorly constrained, Hanson (1999) 

has suggested that the last event recorded on this fault system was no later than early to 

middle Holocene with no clear evidence for whether or not this event was associated with 

movement on the Wasatch fault. 
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III. STRUCTURE AND TECTONIC ACTIVITY BENEATH THE GREAT SALT 

LAKE 

i. Previous Work 

The Great Salt Lake is a very shallow (8-15 m) endorheic basin consisting of two 

NNW-SSE-trending, broadly asymmetric, depocenters that accommodate up to 4.8 km of 

Tertiary to recent basin-fill sedimentary rocks. These depocenters are bounded by two 

major Tertiary normal faults: the East Lake and Carrington faults (Figure 2). These faults 

have been interpreted from late 1970’s industry seismic data as large-displacement listric 

growth faults (Mohapatra and Johnson, 1998).  The East Lake fault lies along the western 

margins of Antelope and Freemont Islands and extends northwestward, following the 

west side of Promontory Point (Figure 2).  The Carrington fault extends from Carrington 

Island northeastward, where it merges with the East Lake fault off the southwestern tip of 

Promontory Point.  According to shallow high-resolution seismic data obtained by Dinter 

and Pechmann (1999), the East Lake fault has two active sections south of Promontory 

Point: the Antelope Island and Fremont Island sections, which extend 35 and 30 km long, 

respectively.  This fault appears to have been active in the Holocene, with a most recent 

event between 4.3 and 6.9 ka and a slip rate of ~0.2 mm/yr since 33 ka (Olig et al., 1996).  

A third section has also been mapped to the north, and although high-resolution seismic 

data is not available, the existence of this third section is implied by a right offset west of 

Promontory Point, north of Fremont Island (Pechmann et al., 1987).  Seismic reflection 

profiles also reveal a sharp westward bend at the southern portion of the East Lake fault, 

suggesting a step-over to the Oquirrh fault to the south (Mohapatra and Johnson, 1998; 
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Colman et al., 2002).  Dinter and Pechmann (1999) suggested that displacement on the 

East Lake fault might be transferred to the Oquirrh fault zone, to the south.  

The East Lake and Carrington faults are located ~20-40 km west of the Wasatch 

fault.  The latter is presumed to be the active front of extensional deformation in the 

region and therefore with the greatest likelihood of generating large earthquakes in the 

area.  Shallow high-resolution reflection data over a limited portion of the lake suggests 

that the East Lake and Carrington faults have accommodated up to 12 meters of 

displacement since the last ice age (~13.5 ka) (Colman et al., 2002).  The most recent 

event on the Salt Lake segment of the Wasatch fault occurred at ~ 1.3 ka (Black et al., 

1996; McCalpin and Nishenko, 1996).  However, the most recent event identified from 

paleoseismic studies in the Intermountain Seismic Belt occurred ~400 years ago on the 

East Lake fault, suggesting that this fault may be the major presently active fault zone to 

the west of the Wasatch fault (Dinter and Pechmann, 1999).  Furthermore, quantitative 

analyses of fathometer-recorded bathymetric data using gradient operators and spatial 

derivatives showed abrupt changes in lake bathymetry (Hennes et al., 2005), which 

appear to correlate well with the active basin-bounding faults observed in the high-

resolution seismic data presented by Colman et al. (2002).  This evidence not only 

supports the idea that the boundaries and bathymetric surface of the Great Salt Lake are 

controlled by large normal faults, but also, that these faults remain active.  

Both modern seismicity and tectonic displacement on large-scale, north–south 

trending, listric normal faults extend across a wide zone that includes both the Wasatch 

Front and Great Salt Lake (Smith and Bruhn, 1984; Mohapatra and Johnson, 1998).  
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Many of the present topographic basins, which were constructed largely during Basin and 

Range–Holocene extension, have variously buried, broken up, and/or reactivated the 

earlier late Paleogene half grabens and grabens (Constenius, 1996).  Therefore, in the 

Cordilleran foreland fold and thrust belt, the late Paleogene episode of extensional 

collapse and the Basin and Range extensional event are two distinct episodes of crustal 

extension whose sedimentary successions are separated by a major angular unconformity 

(3-15 Ma hiatus; Constenius, 1996).  As a consequence, The Great Salt Lake basin 

experienced a two-phase regional extension process, which first created localized half-

grabens containing Eocene-Oligocene rocks, followed by initiation of a later phase of 

early to middle Miocene extension which continues today (Mohapatra, 1996). 

A palinspastic reconstruction of depth-converted seismic sections carried out 

along the Great Salt Lake, provided a total amount of extension of about 83%, 

comparable to extension amounts reported in other areas in the Basin and Range 

(Mohapatra, 1996).  Fault slip rates estimated using borehole data and interpreted tops of 

horizons from depth-converted seismic sections reveal that the East Lake fault has been 

active before and since the Oligocene (Mohapatra, 1996; Mohapatra and Johnson, 1998).  

The interpreted horizons corresponding to stratigraphic changes in the Great Salt Lake’s 

Cenozoic deposits permits slip rates on the East Lake fault to be as fast as 0.7 mm/yr in 

the Quaternary, 1.1 mm/yr in the Pliocene, 0.2 mm/yr in the Miocene, and 0.4 mm/yr in 

the Oligocene (Mohapatra, 1996).  These results can vary slightly along the entire fault; 

however, they indicate that fault activity has not ceased since at least the Oligocene and 

continues to the present.  
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ii. New Seismic Evidence 

We present reprocessed industry seismic data from several profiles that image the 

subsurface geometries and provide additional evidence for recent tectonic activity 

beneath the Great Salt Lake (Figures 3-6).  These seismic lines were collected by Amoco 

Production Company in the late 1970’s, and later donated to the University of Arizona.  

The original 24-channel data were reprocessed at the University of Arizona using a 

standard seismic processing sequence (Mohapatra, 1996) within workstation-based 

ProMAX interactive seismic data processing software (Landmark Graphics Inc.).  

Additionally, we applied post-stack steep-dip finite-difference time migration, along with 

F-X deconvolution for signal enhancement and noise reduction, to improve the seismic 

images.  Finally, we depth-converted these data with interval velocities calibrated to well-

log information for easier display.  The seismic reflection lines shown (Figures 2-5) and 

described below are considered to be representative examples of the tectonic structures 

observed in the rest of the seismic data within the Great Salt Lake basin.  

Line UQ-51 (Figure 3) is an approximately E-W trending line that lies sub-

perpendicular to the main trend of the Great Salt Lake basin.  This line was further 

processed to enhance near-surface events.  This processing included coherency filtering 

of higher frequencies (25-90 Hz) and trace mixing.  The most prominent feature observed 

in this seismic line is a steeply dipping reflection surface that decreases its angle with 

depth.  We interpret this reflection surface to be a steeply dipping normal fault (~50-60°) 

that becomes listric with depth decreasing its angle to ~10-20° at ~3.5 km.  According to 
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published borehole and seismic data (Mohapatra and Johnson, 1998), this fault juxtaposes 

Tertiary basin-fill sediments against Lower Paleozoic, and possibly Precambrian 

basement.  The interpreted structure seems to be offsetting beds near the surface, 

suggesting very recent activity.  This fault corresponds to the Fremont section of the East 

Lake fault (Mohapatra and Johnson, 1998) and has also been imaged to offset the 

lakebed, thus appearing to be active since the early Tertiary  (Colman et al., 2002).  Other 

features also interpreted in this profile include several related antithetic (east-dipping) 

and synthetic (west-dipping) normal faults that, in some cases, sole into the main 

structure at depth (Figure 3, b and c).  Most of these faults disrupt events near the surface, 

as well.  However, above ~50 m, the data quality becomes too poor to distinguish offset; 

nevertheless, all indications are that these faults have had very recent activity.  On the 

eastern side of this profile, we also observed a low-angle reflection surface with spatially 

varying dip.  This surface is thought to represent a thrust ramp evidenced by truncated 

east dipping layered reflections against it, and could correspond to a preexisting structure 

inherited from the Sevier thrust belt.  The wedge containing these folded units is bounded 

by the interpreted listric normal fault to the west and the low-angle fault to the east.  Our 

interpretation is in agreement with Mohapatra and Johnson (1998), where the East Lake 

Fault appears to have reactivated previous structures at depth, and could represent the 

buried continuation of an imbricate of the Willard thrust exposed in the Ogden area along 

the Wasatch Front.  According to Crittenden and Sorensen (1985a, b), the footwall 

exposes a thin section of Paleozoic overlaying Precambrian basement, whereas the 

hangingwall of these outcrops contain a thin section of Precambrian metasedimentary and 
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Paleozoic rocks.  Furthermore, these exposures are also observed at Antelope Island, 

within the Great Salt Lake (Doelling et al., 1990).  

 Figure 4 shows line UQ-13, which is a NE-SW line that lies perpendicular to the 

main trend of the Great Salt Lake.  This line shows, what we interpret to be two steeply 

dipping listric normal faults that appear to correspond to the previously mentioned 

Fremont Island section of the East Lake fault to the southeast, and the Carrington fault to 

the northwest (Mohapatra and Johnson, 1998).  These faults outline distinct half-grabens 

that form the two asymmetric sub-basins observed in the Great Salt Lake (Mohapatra, 

1996).  Just like in the previous figure, both of these structures reveal related antithetic 

faults and also show that they appear to be breaching the bathymetric surface of the Great 

Salt Lake, also implying recent tectonic activity.  According to Mohapatra and Johnson 

(1998), the Carrington normal fault probably reactivated the Willard thrust, and its 

footwall imbricate was reactivated by the East Lake normal fault.   

Seismic reflection line UQ-12 (Figure 5) is also perpendicular to the main trend of 

the Great Salt Lake basin and also shows what we interpret as a steeply dipping normal 

fault (~50-60°) that becomes listric at depth (~4 km) decreasing its angle to ~10-20°.  Just 

like Figure 3, this fault juxtaposes Tertiary basin-fill sediments against Precambrian and 

Lower Paleozoic basement, as well as a related antithetic (east-dipping) normal fault that 

soles into the main structure at depth.  Both of these faults appear to disrupt events near 

the surface; however, above ~60 m the data quality becomes poor, but recent activity is 

very likely.  These faults also correlate with the previously inferred Fremont section of 

the East Lake fault (smith and Bruhn, 1984; Viveiros, 1986; Mohapatra and Johnson, 
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1998) and related secondary faults.  To the northeast, this profile also images a low-angle 

reflection surface with spatially varying dip.  Although it is not as clear as the one on 

Figure 3, it also appears to represent a thrust ramp corresponding to the preexisting 

footwall imbricate of the Willard thrust (Mohapatra and Johnson, 1998), inherited from 

the Sevier thrust belt.  

At ~9 km depth, seismic line UQ-12 exhibits a strong sub-horizontal reflection 

surface.  We interpret this reflection to represent a low-angle structure that juxtaposes 

Precambrian basement over undeformed Paleozoic and Precambrian basement.   It is 

possible that this structure was inherited from the Sevier Belt.  Previously published 

geologic cross-sections and reconstructions along different latitudinal transects that 

traverse the Wasatch fault are consistent with the existence of a reactivated basal 

detachment that links at depth most normal faults observed at the surface (e.g., 

Constenius, 1996, Coogan and DeCelles, 1996; Constenius et al., 2003; Velasco et al., in 

press).  These structures are interpreted to correspond to reactivated Sevier-age thrust 

sheets that have accommodated extensional collapse after the cessation of the Laramide 

orogeny (Constenius, 1996).  Based on these interpretations, we therefore consider that 

the sub-horizontal feature interpreted in this seismic profile, at ~9 km depth, could 

correspond to a regional basal detachment surface that links the Wasatch, Carrington, 

East Lake and other normal faults at depth. 

Finally, Figure 6 is a 3-dimensional representation of all of the seismic data 

analyzed in this study, with their respective interpretations of the structures observed 

beneath the Great Salt Lake.  This figure illustrates the two main listric normal faults and 
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their related antithetic and synthetic faults that appear to breach the sediments at the 

bottom of the Lake.  To the southeast, Figure 6 images the southern sub-basin generated 

by the East Lake fault and to the northwest, the other sub-basin, generated by the 

Carrington Fault.  Also shown in this Figure is the interpreted low-angle detachment at 

~9 km depth. 

The seismic data presented here suggests that the boundaries and bathymetric 

surface of the Great Salt Lake are controlled by large normal faults that appear to breach 

the surface, the East Lake and Carrington faults.  Considering how shallow the Great Salt 

Lake basin is, the development of a fault scarp would indicate very recent tectonic 

activity along these major normal faults.  Our interpretations imply that other major 

normal faults are active west of the Wasatch fault and are accommodating part of the 

present-day eastern Basin and Range extensional deformation.  Furthermore, we consider 

that the sub-horizontal prominent reflection shown in Figure 5 at ~9 km depth, may be a 

regional basal detachment that links, at depth, the Wasatch, East Lake and Carrington 

faults, as well as other active normal faults observed at the surface.  However, according 

to published studies on PASSCAL/COCORP data in the western U.S. (e.g., Carbonell 

and Smithson, 1991; Holbrook et al., 1992), prominent reflections observed between 10 

and 20 km depth could be the result of a ductile shearing mechanism at mid-crustal 

levels.  Because the brittle-ductile transition zone in this region is thought to be between 

8 and 12 km from the surface (e.g., Stewart, 1978; Eaton, 1982; Smith and Bruhn, 1984), 

we, therefore, do not exclude the possibility of a relatively discrete ductile shear zone at 

~9 km.  However, the distinct amplitude standout of this reflection surface represents a 
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significant contrast that strongly suggests the existence of a detachment surface, possibly 

with a sliver of sedimentary and metasedimentary rocks beneath this low-angle fault.  In 

the case of a broad distributed shear zone, we would expect to find multi-cyclic reflection 

events over a longer time duration; however, the restricted vertical extent of this feature 

indicates shorter cycles implying a reflection surface more likely representing a single 

tectonic structure.  Nevertheless, because the Wasatch fault and the East Lake and 

Carrington faults beneath the Great Salt Lake appear to be active, we consider that this 

sub-horizontal reflection surface, representing either a detachment or a ductile shear 

zone, connects the observed traces of the normal faults at depth and could be a possible 

means of transferring deformation from mid-crustal levels to the upper crust. 

 

IV. DEFORMATIONAL AND GEODETIC CONTEXT 

Understanding the subsurface structures interpreted in the seismic reflection data 

in terms of the greater Wasatch fault zone deformation requires a better comprehension 

of the origin and extent of the present-day extensional regime.  However, the variety of 

data types that constrain the pattern of deformation across the Basin and Range has 

implications for spatial and temporal variability that is not yet well understood.  Geologic 

measurements of displacements across the Wasatch fault indicate a vertical displacement 

rate of 1.7 ± 0.5 mm/yr averaged over the last 5600 years (Friedrich et al, 2003).  

However, horizontal displacement rates derived from measured vertical-slip greatly 

depend on the fault-dip-angle.  For instance, based on geodetic measurements, Chang et 

al. (2006) estimated a horizontal slip rate of 1.6 ± 0.4 mm/yr across the Wasatch fault 
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assuming a 55ºW-fault-dip model.  Conversely, a <30° dipping fault model, such as may 

be the case for the Wasatch fault at depth, inferred from seismic reflection data (e.g., 

Smith and Bruhn, 1984), would yield a horizontal displacement rate of over 3 mm/yr 

(Friedrich et al., 2003; Bennett et al., 2007; Velasco et al., in press).   

The distribution of deformation across the northern Basin and Range may also 

have been non-uniform over time.  For example, while faults with Quaternary offset are 

developed over the entire northern Basin and Range, historical seismicity and 

geodetically measured strain rates are concentrated on only a few of them (Smith and 

Sbar, 1974; Dixon et al., 1995; Thatcher et al., 1999; Bennett et al., 2003; Friedrich et al., 

2003; Niemi et al., 2004).  Quantitative geological slip rates from geomorphology, 

paleoseismology, and structural analysis represent different time-scales than slip rates 

derived from geodetic measurements (e.g., Wallace, 1987; Friedrich et al., 2003; 

Friedrich et al., 2004; Niemi et al., 2004).  Measured geologic slip rates on faults across 

the eastern Basin and Range have also shown that strain release is time-scale dependent.  

Friedrich et al. (2003) found that the vertical component of the geologic displacement 

rate for the Wasatch fault was 1.7 ± 0.5 mm/yr for the last 6 ka, <0.6 mm/yr for the last 

130 ka, and 0.5–0.7 mm/yr for the last 10 Ma.  However, at the longest timescale it 

appeared likely that the rates have slowed over time, from 1.0 to 1.4 mm/yr between 10 

and 6 Ma to 0.2 to 0.3 mm/yr since 6 Ma (Friedrich et al., 2003).  Niemi et al. (2004) 

argued that the pattern of seismicity could be more diffuse over longer time-scales, since 

most range-bounding faults experienced Quaternary displacement (Wallace, 1987), and 
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found that geodetic velocity profiles were in better agreement with the long-term 

geologic rate profiles than the short-term ones, consistent with earthquake clustering. 

While geological methods measure fault displacement, geodetic measurements 

record a combination of far-field motion, ephemeral elastic strain, possible diffuse 

permanent strain away from the fault, and possible transient post-seismic strain.  A 

relatively simple approach to reconcile these discrepancies is with elastic dislocation 

models (Savage and Burford, 1973; Okada, 1992), which relate the pattern of 

interseismic strain accumulation in the vicinity of a fault observed by geodesy to aseismic 

slip on a deep extension of the fault.  Bennett et al. (2007) used high-precision horizontal 

and vertical crustal motions determined by CGPS to investigate the precision of vertical-

velocity estimates obtained from CGPS geodesy and to explore the potential implications 

for providing constraints on Wasatch fault activity and dip.  Specifically, they showed 

how the addition of vertical velocity constraints helps to resolve the trade-off between 

fault dip and slip rate that arises when using horizontal velocities alone.  Furthermore, 

they found that models that include deep slip on steeply dipping planes are excluded 

regardless of the number of faults in the locked portion of the model.  A follow-up study, 

also combining horizontal and vertical CGPS velocities, showed that shallowly dipping 

dislocations inferred from CGPS closely matched the subsurface structure observed in 

seismic reflection profiles (Velasco et al., in press).  These results, which are based on 

elastic dislocations, are consistent with a transition from stick-slip to stable sliding or 

ductile flow at a depth of about 8-12 km, which is comparable to the depth above which 

seismicity occurs (e.g., Stewart, 1978; Eaton, 1982; Smith and Bruhn, 1984).  Implicit in 
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this approach is the assumption that the inferred deep-slip is the same as the displacement 

rate across the brittle upper crustal parts of the fault.  Moreover, elastic deformation 

models only account for the interseismic phase of the earthquake cycle.   

An alternative class of model relating geodetic velocities to brittle fault slip rates 

accounts for the viscoelastic behavior of the lower crust and upper mantle.  Such 

“viscoelastic coupling” models typically do not include a persistent zone of localized 

shear beneath the faults.  Instead, the viscous layers flow with time following large 

earthquakes relieving stress concentrations.  Late in the earthquake cycle the deformation 

pattern becomes very broad as the stress dissipates.  Using such a model for the Wasatch 

fault, Malservisi et al. (2003) showed that the breadth of the zone of deformation within 

the eastern Basin and Range is consistent with the Wasatch fault not having ruptured for 

more than 1000 years.  According to their model, all of the contemporary deformation 

may be attributed entirely to the Wasatch fault.  However, our interpretation of the 

seismic data reveals that not only other major structures are active west of the Wasatch 

fault and therefore, in part responsible for the upper crustal eastern Basin and Range 

deformation, but also that these structures are linked at depth by a low-angle basal 

detachment at mid-crustal levels.  Additionally, results from inversion of geodetic 

measurements overlapped with seismic reflection data in Velasco et al. (in press) suggest 

that this low-angle basal detachment has been reactivated and is possibly controlling the 

present-day extensional deformation in this region.  

In this study, we utilize the seismic data interpretation presented above to test the 

hypothesis of Velasco et al. (in press) by creating a three-dimensional elastic deformation 
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model that more accurately represents the crustal structure observed in geologic cross 

sections and seismic reflection lines.  We use the model to test whether displacement 

across the observed basal detachment is consistent with the pattern of extensional 

deformation observed geodetically and speculate on possible mechanisms that could be 

governing the eastern Basin and Range extension.   

 

V. PRESENT-DAY CRUSTAL DEFORMATION 

We constrained the present-day deformation occurring across the eastern Basin 

and Range Province using continuous Global Positioning System (GPS) data.  We 

extended the data analysis of Velasco et al. (in press) by including data from the period of 

1996 to 2008.  Our solution consists of a total of 33 continuous GPS stations located in 

the eastern Basin and Range and western Colorado Plateau for the latitudes between 

40°N and 42°N.  The present-day velocity field that we determined relative to the Stable 

North America Reference Frame (SNARF) is shown in Figure 7.  Crustal velocity 

estimates are in broad agreement with previously published geodetic data (Bennett et al., 

1998; Thatcher et al., 1999; Hammond and Thatcher, 2004; Bennett et al., 2003, 

Friedrich et al., 2003; Niemi et al., 2004; Chang et al., 2006; Bennett et al., 2007; Velasco 

et al., in review), which show horizontal displacements of ~3 mm/yr over a swath of 

about 350 km in the eastern Basin and Range.  The overall horizontal velocities for the 

eastern Basin and Range suggest uniaxial east-west extension, with west components of 

motion generally increasing westward from the Colorado Plateau, and north components 

with constant slightly southward motion.  Relative to SNARF, the average azimuth of the 
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collection of velocity vectors across the province is ~263°, perpendicular to the trend of 

the Wasatch fault at these latitudes.  Friedrich et al. (2003) showed that the majority of 

the extensional deformation is concentrated along the Wasatch fault although statistically 

significant deformation is also observed across a broad zone reaching 130 km west of this 

fault.    

  

VI. SEISMICALLY CONSTRAINED DEFORMATION MODEL 

Understanding the origin of the present-day deformation pattern in the eastern 

Basin and Range Province requires a model for the subsurface structure.  A schematic 

interpretation of subsurface fault geometries, based on previously published seismic data 

and geologic cross-sections and reconstructions (e.g., Smith and Bruhn, 1984; Wilson 

and Presnell, 1992; Constenius, 1996; Mohapatra and Johnson, 1998; DeCelles and 

Coogan, 2006; Velasco et al., in press), is shown on Figure 8 (a).  The normal faults are 

represented as listric, coalescing at depth into a basal detachment.  Also shown in Figure 

8 (a), is a geodetically derived edge-dislocation inferred using the continuous GPS 

velocity field by Velasco et al. (in press).  The location of the dislocation is very close to 

the active low-angle surface (Velasco et al., in press).  The dislocation plane may 

represent aseismic slip along a low-angle detachment or the onset of ductile flow at or 

beneath the brittle-ductile transition zone in this region (Velasco et al., in press).   

Based on these previously published geometric and kinematic models and our 

new interpretation of the seismic reflection data from the Great Salt Lake, we created a 

three-dimensional geometric representation of subsurface structures between 40° and 42° 
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N, within the eastern Basin and Range (Figure 8, b).  The main structures considered here 

are the Wasatch, East Lake and Carrington faults, which we consider to have good 

subsurface constraints.  We assume that all faults composing the fault zone are locked 

from the surface to the base of the seismogenic depth during the interseismic period; slip 

associated with these faults occurs below this depth, possibly as shear, on the detachment 

surface.  We used this model to test the hypothesis of Velasco et al. (in press) that the 

observed crustal velocities are kinematically related to slip across the seismically inferred 

low-angle detachment that connects the surface expressions of these active faults at 

depth.  

We calculated the velocity and strain rate fields using the three-dimensional 

structural geometry shown in Figure 8 (b).  The deformation field was calculated using 

the FaultED module of the TrapTester software (www.badleys.co.uk), which uses the 

boundary element method to represent strains and structures associated with field-scale 

faulting (Healy et al., 2004).  The algorithms used by FaultED are driven by the observed 

geometry of the seismically interpreted fault surfaces, defined to be the discontinuities 

across which the elastic displacement field exerts upon.  These surfaces are converted to 

an array of rectangular fault elements, which are used as input to the elastic dislocation 

equations of Okada (1992).  With these equations, FaultED calculates the response of an 

elastic medium to the fault slip of the mentioned array and renders the deformation of the 

observation points in the medium.  The surrounding volume is modeled as a uniform 

elastic half-space with boundary conditions of zero normal and shear tractions at the free 

surface and zero displacement at an infinite distance from any dislocation.  Refer to 
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www.badleys.co.uk for additional information about the algorithms and software.  This 

software program allowed us to assess strain rate tensors by letting the fault geometries 

interact with one another in response to an applied extensional deformation field 

corresponding to the ~3 mm/yr derived from the estimated CGPS velocities in this region 

(Figure 7).   

Several velocity fields were estimated assuming a variety of dipping surfaces and 

depths.  Forward modeling attempts to assess the match to the observed geodetic data 

were carried out by a process of trial and error.  Similar model results were obtained 

when fault surfaces were buried no deeper than ~12 km and no steeper than ~15 degrees, 

in agreement with Velasco et al. (in press).  We found, as expected, that the shallower the 

dip, the deeper the surface location.  The preferred calculated velocity model was found 

from a low-angle detachment located at 9-km depth beneath the surface trace of the 

Wasatch fault.  In this model, the geometry of the structure follows the surface expression 

of the Wasatch fault, with an average strike of N10°W and dipping towards the 

southwest.  We tested for variable dipping angles, following the inversion model results 

from Velasco et al. (in press), and found that the model was in better agreement with the 

seismic and geodetic data when the dip of the dislocation was 7° to the southwest. 

The geodetic measurements and the seismically inferred three-dimensional model 

results, represented by velocity vectors at each CGPS station, are shown in Figure 9 (a 

and b).  We analyzed the fit of our seismically inferred model with the geodetic data by 

calculating residual values between these two datasets (Figure 9 c).  The Weighted Root 

Mean Square (WRMS) misfit of the preferred 7°-dipping model to the CGPS data is 0.2 
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mm/yr, which indicates a good agreement between the model and the present-day 

velocity field estimated from geodetic data.  However, the Normalized Root Mean Square 

(NRMS) misfit of the preferred 7°-dipping model to the CGPS data is 9.2, which is 

statistically significant.  Residual velocity values reveal a systematic misfit that accounts 

for the majority of the disagreement between our model and the CGPS data.  For 

instance, stations located near the Great Salt Lake may be affected by crustal loading 

(Elósegui et al., 2003).  Stations located at the western edge of our model may be affected 

by Basin and Range extension or right-lateral shear associated with the Walker Lane belt 

(Bennett et al., 2003; Hammond and Thatcher, 2004).  These stations have also exhibited 

a complex history related to transients (Davis et al., 2006; Wernicke et al., 2008).  It is 

possible that the interpreted reactivated detachment surface may continue beneath the 

Colorado Plateau.  Previously published geologic cross-sections and reconstructions have 

interpreted a reactivated Sevier-age thrust belt basal detachment at higher stratigraphic 

levels beneath the Colorado Plateau (e.g., Wilson and Presnell, 1992; Constenius, 1996; 

DeCelles and Coogan, 2006).  However, CGPS data reveal negligible crustal motion 

farther east of the Wasatch fault (e.g., Bennett et al., 2003; Friedrich et al., 2003; Bennett 

et al., 2007; Velasco et al., in press).  Nevertheless, our model results are in overall 

agreement with the CGPS data and reinforce the hypothesis by Velasco et al. (in press), 

adding more constraints on the subsurface fault geometries and related strain 

accumulation at depth.  Furthermore, these model results imply that the Wasatch, East 

Lake and Carrington faults observed at and close to the surface might be accommodating 

slip transferred from mid-crustal levels. 
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The resulting strain rate fields derived from the geodetic data, our preferred model 

and residual values are shown in Figure 10 (a, b and c).  The calculated strain rate fields 

associated with these datasets were carried out by inverse-distance-weighting 

interpolation.  In the case of our preferred model, we used all displacements estimated 

from the entire set of panels created by TrapTester and derived from the low-angle 

surface interpretation (Figure 8, b).  The distribution of the strain rate field derived from 

the geodetic data and from our calculated model within the eastern Basin and Range 

(Figure 10, a and b) appear to follow the pattern of Holocene fault locations occurring, 

mainly, along the intermountain Seismic Belt (Smith and Sbar, 1978), concentrated near 

the Wasatch fault, and showing little net deformation across the Colorado Plateau.  The 

strain rate field derived from the residual velocities (Figure 10c) illustrates the agreement 

between the seismically inferred model and the geodetic data, as well as the areas that we 

described previously that could be related to possible systematic misfits.  As we 

illustrated above, the geodetically derived velocities are in agreement with ones 

calculated from the geometrically interpreted low-angle surface, which support the 

hypothesis that displacement along an active basal detachment is responsible for the 

broad zone of upper crustal deformation observed in the eastern Basin and Range. 

   

VII. DISCUSSION 

The seismic reflection data presented here build upon previous research regarding 

the activity of the East Lake and Carrington faults beneath the Great Salt Lake area.  

These faults initiate at high-angle, become listric with depth and may extend down to 
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mid-crustal levels.  The nature of the geometries of these faults has implications for the 

relationship between the high-angle of these structures at the surface and lower angle at 

depth.  With the development of a three-dimensional deformation model that reflects the 

geometries of these faults we were able to directly test the assumption that slip across the 

seismically imaged detachment is consistent with the observed geodetic velocity field.  

However, in order to determine the relationship between the broad area of observed 

permanent deformation and the strain accumulation recorded by CGPS during the 

interseismic period we need to establish a mechanism that could help explain the 

kinematic connection between features from mid-crustal levels and the brittle upper-

crustal faults. 

The spatial correlation between strain rates, Holocene faults and seismicity 

suggests that an active low-angle surface beneath the eastern Basin and Range is a 

possible scenario for transferring slip from mid-crustal levels to the structures observed at 

the surface.  The interpreted low-angle surface reflection in the seismic data (Figure 5) is 

located at ~9 km.  At this depth, the rheology of the surrounding rocks may be in the 

transition between brittle and ductile stages.  As a result, frictional slip versus localized 

ductile shear may not be simple to identify.  Therefore, an alternative possibility is that 

the low-angle surface from our model is representing a ductile shear zone at the brittle-

ductile transition zone in this region (8-12 km depth) (e.g., Stewart, 1978; Eaton, 1982; 

Smith and Bruhn, 1984), as suggested by the PASSCAL/COCORP data studies (e.g., 

Carbonell and Smithson, 1991; Holbrook et al., 1992).  It might be possible that the low-

angle surface, as a reactivated structure, provided a plane of weakness and a locus for 
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additional processes.  Geodynamic descriptions of the long-term evolution of the 

continental crust that follow the development of subhorizontal ductile shear zones (e.g., 

Lavier and Manatschal, 2006) also conceptually capture the basic kinematic properties of 

the description provided by our low-angle model.  According to this view, in the 

interseismic period, localized shearing within a wide semi-brittle mid- to lower-crustal 

layer concentrates elastic strain beneath brittle upper crustal faults as approximated by 

elastic dislocation theory.  Viscous relaxation of earthquake-induced stress concentrations 

occurs in the period following the earthquake, as in the elastic-viscoelastic coupling 

theory, but in contrast to the viscous coupling models, interseismic strain is modified, not 

replaced, by viscous relaxation.  Furthermore, experimental and numerical models used 

to determine the influence of viscous layers on listric normal faults have shown that the 

presence of a basal viscous layer below a brittle layer tends to localize deformation by 

creating faults with very large throw and associated scattered small faults, and are highly 

dependent on the extension velocity (Bellahsen et al, 2003).  Although, in our seismic 

data, we consider that the distinct amplitude standout of the low-angle reflection surface 

(Figure 5) represents a significant contrast that strongly suggests the existence of a 

detachment surface (Velasco et al., in press), a discrete localized ductile shear zone, as 

represented in the Lavier and Manatschal (2006) model, is an alternative explanation that 

should not be abandoned.   

A possible way to help explain how slip from mid-crustal levels is mechanically 

transferred to the upper crust is through extensional wedges (Xiao et al., 1991). 

Extensional wedges are thought of as tapered cross-sections similar to those found in fold 
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and thrust belts, but with an opposite sense of shear.  The features interpreted in our 

seismic reflection data exhibit similar characteristics proposed for extensional wedges 

(Xiao et al., 1991).  The hanging-wall rocks above the sub-horizontal detachment 

observed in our seismic data may be thought of as a westward-thickening extensional 

wedge with a thickness of 9-10 km beneath the Great Salt Lake.  The active basal 

detachment of our seismic and kinematic interpretation would then represent the base of 

the active portion of the extensional wedge.  The up-dip portion of the wedge, within the 

Colorado Plateau, may represent a portion of the wedge that is no longer active, perhaps 

due to thinning by progressive upper crustal faulting, such that the taper is too sharp to 

sustain continued slip on this portion of the detachment.  Several normal faults have been 

mapped in the region and thought to have reactivated previous Sevier-age thrusts at depth 

(e.g., Constenius, 1996).  However, these structures do not show signs of current tectonic 

activity (e.g., lack of seismicity).  An alternative viewpoint is that the up-dip portion of 

the detachment is closer to the surface and therefore in the velocity weakening frictional 

regime and consequently locked, whereas down-dip, at and west of the Wasatch fault, 

because it is located at ~9 km depth, its frictional behavior changes to velocity 

strengthening (or ductile flow) allowing it to shear continuously.   

Geometrically, typical structurally controlled wedges are characterized by a 

gently dipping underlying detachment fault along which the tapered hanging wall slides 

down-dip, a related system of steeply dipping normal faults, and little deformation in the 

footwall beneath the basal detachment (Xiao et al., 1991).  This type of system is thought 

to be distinctive in areas of crustal extension, like the Basin and Range (e.g., Xiao et al., 
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1991).  For instance, south of our study area, in the Sevier Desert region, it has been 

suggested that the wedge overlying the interpreted low-angle detachment from the 

COCORP survey (Allmendinger et al., 1983, 1986; VonTish et al., 1985) was a clear 

example of an extensional wedge (Xiao et al., 1991).  Coogan and DeCelles (1996) have 

interpreted the Sevier Desert Reflection (SDR) as a normal fault zone that that facilitated 

the collapse of the Sevier belt after the cessation of regional contraction during the 

Laramide Orogeny (e.g., Coney and Harms, 1984; Constenius, 1996).  An analog to this 

type of geometry is observed on seismic data from the Fold and Thrust belt in Montana, 

U.S., and Alberta, Canada, where hanging-wall rocks above a ~3° west-dipping regional 

detachment form a westward-thickening extensional wedge with a tip delineated by the 

Flathead normal Fault (Constenius, 1996).  This pattern of deformation appears to be 

repeated throughout the Basin and Range, where Sevier-aged thrust sheets have 

experienced extensional collapse during Cenozoic tectonism. 

 

VIII. CONCLUSIONS 

Seismic reflection data from the Great Salt Lake show evidence for offsets on 

basin-bounding and related antithetic faults that disrupt shallow sediments, adding new 

constraints on the tectonic activity beneath the Great Salt Lake in agreement with 

previously published results (e.g., Mohapatra and Johnson, 1998; Colman et al., 2002).  

Faults west of the Wasatch fault, including the East Lake and Carrington faults, have 

accommodated a large amount of displacement over time and still appear to be active.  

These faults have high-angle dip at the surface and become listric with depth, reactivating 
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Sevier-age structures.  High-precision geodetic measurements along with seismic 

reflection data from the Great Salt Lake provide a means to contrast and compare patterns 

of active deformation.  While data from surface geology and seismic reflection profiles 

require diffuse permanent strain in the hanging wall, shear across a single active low-

angle detachment can fit the observed velocity field derived from GPS.  The seismically 

derived model results obtained in this study are in agreement with the geodetically 

derived model of Velasco et al. (in press), which imply that strain accumulated at mid-

crustal levels is transferred among diffusely distributed upper crustal faults observed at 

the surface in the eastern Basin and Range. 
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Figure 1. (Right) Regional map of the western United States indicating area of study.  

Dashed line shows San Andreas Fault (SAF).  Arrow shows motion of Pacific 

Plate (PAC) with respect to North American Plate (NAm).  (Left) Regional 

shaded relief map of the eastern Basin and Range showing seismicity and location 

of the Intermountain Seismic Belt and COCORP Utah Line-1 (from Velasco et 

al., in press).  
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Figure 2. Generalized geologic map of the Great Salt Lake area (modified from Utah 

Geological Survey) and location of seismic reflection lines. CF: Carrington fault; 

ELF: East Lake fault, WWF: Weber segment of the Wasatch fault, SLCWF: Salt 

Lake City segment of the Wasatch fault, WVFZ; Wasatch Valley fault zone; OF: 

Oquirrh fault, SF: Stansbury fault.  PM: Promontory Point; OM: Oquirrh 

Mountains; SM: Stansbury Mountains; SLC: Salt Lake City; FI: Fremont Island; 

CI: Carrington Island; AI: Antelope Island. 
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Figure 3. Depth converted seismic line UQ-51, located within the Great Salt Lake. (a.) 

Section with general interpretation; (b.) inset with interpretation (c.) without 

interpretation.  ELF: East Lake fault.  PC: Preambrian; Pz: Paleozoic; Tc: 

Tertiary; Qt: Quaternary. Refer to Figure 2 for line location. 
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Figure 4. Depth converted seismic line UQ-13, located within the Great Salt Lake. (a.) 

Uninterpreted section.  (b.) Section with general interpretation.  ELF: East Lake 

fault; CF: Carrington fault. Tc: Tertiary; Qt: Quaternary.  Refer to Figure 2 for 

line location. 
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Figure 5. Depth converted seismic line UQ-12, located within the Great Salt Lake.  (a.) 

Uninterpreted section.  (b.) Section with general interpretation. ELF: East Lake 

fault.  Refer to Figure 2 for line location. 
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Figure 6. Three-dimensional representation of all of the seismic data analyzed in this 

study with their respective interpretations of the structures observed beneath the 

Great Salt Lake. East Lake fault and Carrington faults surface interpreted and 

interpolated in between seismic lines. ELF: East Lake fault; CF: Carrington fault; 

LAD: Low-angle detachment. 
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Figure 7. Shaded relief map showing continuous GPS station locations and their 

horizontal velocity estimates.  Error ellipses represent the 95% confidence 

regions.   All velocities refer to the Stable North America Reference Frame 

(SNARF) version 1.0.  Main normal faults area shown in solid lines.  GSL: Great 

Salt Lake, ELF: East Lake fault, WWF: Weber segment of the Wasatch fault, 

SLCWF: Salt Lake City segment of the Wasatch fault, WVFZ; Wasatch Valley 

fault zone; OF: Oquirrh fault, SF: Stansbury fault.  
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Figure 8. (a.) Schematic cross-sections of the eastern Basin and Range showing our 

interpretation of the seismic data and compilation from geologic reconstructions 

modified from Constenius (1996). Also shown, edge dislocation from Velasco et 

al. (in press). (b.) Three-dimensional model derived from interpreted seismic data, 

surface geology and geologic reconstructions (Smith and Bruhn, 1984; Wilson 

and Presnell, 1992, Constenius, 1996). The eastern extent of the detachment in 

(a.) is poorly constrained and therefore not included in our three-dimensional 

model.  WT: Willard thrust; WF: Wasatch fault; ELF: East Lake fault; CF: 

Carrington fault. 

 

 

 



 168 

 
Figure 9. (a.) Shaded relief map showing continuous GPS station locations with 

horizontal velocity estimates from the geodetic data (black arrows), same as 

shown in figure 7. (b.) Shaded relief map showing continuous GPS station 

locations with horizontal velocity calculated from the preferred three-dimensional 

model corresponding to a 7° dipping dislocation (yellow arrows). (c.) Shaded 

relief map showing continuous GPS station locations with the residuals from the 

observed GPS velocities minus the calculated velocities from the preferred 7° 

dipping dislocation model. Error ellipses represent the 95% confidence regions.  

GPS velocities refer to the Stable North America Reference Frame (SNARF) 

version 1.0.  
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Figure 10. (a.) Maximum principal component of the strain rate field derived from the 

geodetic data with shaded relief map showing continuous GPS station locations 

with horizontal velocity estimates from the geodetic data (black arrows), same as 

shown in figures 7 and 10 (a.) for reference.  (b.) Maximum principal component 

of the strain rate field derived from the preferred three-dimensional 7° dipping 

dislocation model inferred from geologic reconstructions and seismic reflection 

data with shaded relief map in the background. (c.) Maximum principal 

component of the strain rate field derived from the residual velocities shown in 

Figure 10 (c.) with shaded relief map showing continuous GPS station locations 

and the residuals velocity vectors from the observed GPS velocities minus the 

calculated velocities from the preferred 7° dipping dislocation model for 

reference. 


