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 We present new 3D seismic tomography velocity models with data from 326 

stations, located in Texas, Oklahoma and New Mexico, which utilized 537 seismic 

events. Tomography results on the North American (NA) craton show a fast anomaly 

outlining the southern extent. Around the Southern Oklahoma Aulacogen there is a slow 

anomaly, which indicates there is abundant heat present. In the Gulf Coast Plains, the NA 

craton shallows, allowing the ascendance of the asthenosphere.  Below the craton the 

velocity models so a slow anomaly associated with the LAB shear zone. The slow 

velocity along the coast is attributed to the sediment packages. There is also a high 

velocity body in central/southeast Texas that has begun to delaminate from the upper 

crust in the region. The upper mantle structures of the Gulf Coast region suggest that the 

opening of the Gulf of Mexico was due to a volcanically active rifting event. 
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CHAPTER ONE 

 

Introduction 

 

The provocation for this research was to develop 3D velocity structure of the 

upper mantle structures beneath Texas and Oklahoma, recognize the association between 

seismic anomalies and geologic features in the region and ascertain the process which led 

to the opening of the Gulf of Mexico. This would not have been possible without the start 

of the EarthScope Transportable Array initiative, which was in place in Texas and 

Oklahoma from 2009 to 2012. Up to this point there was little known about the upper 

mantle structures in the region due to the lack of seismic instrumentation and study 

interest. This tomography study, in conjunction with a SKS splitting and receiver 

function survey also happening at Baylor University will also serve as further exploration 

and explanation of the Earths structures at depth beneath Texas and Oklahoma. Further 

more, this study will allow for the advancement of scientific knowledge of the region. I 

am the primary author on the submitted paper. Other authors include Ryan Ainsworth, 

Kevin Pratt, Jay Pulliam and Harold Gurrola. These other authors contributed by aiding 

in the collection, analysis, and interpretation of the data. The manuscript was submitted in 

an EPSL (Earth and Planetary Science Letters) format.  
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CHAPTER TWO 

 

Manuscript One 

 

 

Seismic Vp & Vs Tomography of Texas & Oklahoma  

with a Focus on the Gulf Coast Margin  

  

Abstract  
 

The northwestern Gulf of Mexico passive margin contains an extensive record of 

continental collision and rifting, as well as deformation associated with orogenic events 

and heavy sedimentation. Seismic traveltime tomography that incorporates new data from 

328 broadband seismic stations deployed throughout the region reveals several prominent 

features that correlate well with expected mantle structures, as well as features that have 

no obvious expression at the surface.  Among the former are a large fast anomaly that 

corresponds to the southern extent of the Laurentia craton and a large slow anomaly 

associated with the Southern Oklahoma Aulacogen. Among the latter are a slow layer 

that we interpret to be a shear zone at the base of the cratonic and transitional continental 

lithosphere, a zone that is bounded at its top and bottom by discontinuities and high levels 

of seismic anisotropy identified in companion receiver function and shear wave splitting 

studies, respectively. A high velocity body underlying the Gulf Coast Plains may mark 

delaminating lower crust. If this is true it could provide indirect evidence that active 

rifting best describes the process that created the Gulf of Mexico.   
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1.    Introduction 

 

1.1 Geological background 

 

The region that now comprises the northern Gulf of Mexico (GoM) and Texas’s 

continental margin underwent several complete cycles of continental rifting and suturing 

before the opening of the modern GoM (Harry and Londono, 2004). These pre-GoM 

events included the southwest-northeast trending Grenville orogeny, which deformed 

Laurentia’s southern margin during the late Precambrian and the Ouachita orogeny, 

which led to the formation of Pangea ~300 Ma (Stern et al., 2010). Rifting in the region 

began approximately 160-140 Ma, ultimately separating what is now Texas from the 

Yucatan peninsula and creating of the Gulf of Mexico (Bird et al., 2005). Several major 

geologic features were created after the final rift episode, including the Southern 

Oklahoma Aulacogen (SOA), the Rio Grande Rift (RGR), the Llano Uplift (LU), the 

Balcones Fault Zone (BFZ) and the Gulf Coastal Plain (GCP) (Figure 1).  

The SOA is thought to be a failed rift, likely an arm of a triple junction that 

formed during continental break up in the Precambrian/early Paleozoic (Brewer, 1982).  

The current structure of the SOA is the result of deformation during the Ouachita 

orogeny (Baldbridge et al., 1995). The RGR trends northward from Mexico through New 

Mexico and into Colorado.  It consists of two distinct provinces: the north, which 

comprises a single rift valley between the Colorado Plateau and the Great Plains, and the 

south, where greater extension occurred and is physiogeographically identical to the 

Basin and Range  (Keller and Baldridge, 1999).   

The Llano Uplift (LU) exposes the deformed core of the Grenville orogenic belt 

(Mosher, 1998) in central Texas, marking the terminus of the Edwards Plateau. The LU 
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is comprised of metavolcanic, metaplutonic, and metasedimentary rocks, aged 1303 – 

1232 Ma (Walker, 1992). The Balcones Fault Zone (BFZ) is an extensional feature, 

consisting of normal faults that are located between the Edwards Plateau/Llano Uplift 

and the GCP (Weeks, 1945). The GCP is a passive margin that resulted from the rifting 

that opened the GoM. The creation of the GoM has been attributed to active volcanic 

rifting (Mickus et al., 2009) as well as to passive rifting (lithospheric extension) (Marton 

and Buffler, 1993); its true origin is therefore uncertain. The style of rifting is poorly 

constrained, in part, because the crust is overlain by ~15 km of sediments (Mickus et al., 

2009) that were deposited between the Late Cretaceous and the Quaternary (Harry and 

Londono, 2004; Galloway et al., 2001; Galloway, 2008).  

 
1.2       Previous geophysical studies  

 

Few seismic tomography studies have been performed in the Texas/Oklahoma 

region, due primarily to the small number of seismic stations that have been located in 

the region historically. Two seismic tomography studies have been conducted recently 

that focus on different properties of the Rio Grande Rift, which borders the western edge 

of our study area. These previous studies include the La Ristra (Colorado Plateau/Rio 

Grande Rift Seismic Transect Experiment) deployment, which traversed the rift from the 

Colorado Plateau in southeast Utah to the Great Plains in west Texas (Gao et al., 2004), 

and the SIEDCAR (Seismic Investigation of Edge-Driven Convection Associated with 

the Rio Grande Rift) which focused on possible lithospheric erosion beneath western 

Texas and eastern New Mexico (Rockett et al., 2013). A potential field study of 

subsurface structure in the same region of the Texas/Gulf of Mexico transition zone 
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found the gravity and magnetic data to be consistent with a deeply buried volcanic rifted 

margin (Mickus et al., 2009).  

Traveltime tomography exploits information contained within a seismic record in 

order to constrain 2D or 3D seismic velocity models of the Earth’s subsurface 

(Rawlinson et al., 2010). Seismic velocity perturbations can result from variations in 

temperature, partial melt, and seismic anisotropy, as well as variations in chemical 

composition (Schmandt and Humphreys, 2010). Seismic tomography has been widely 

used to image upper mantle structures (e.g., Rawlinson et al., 2006; Rawlinson and 

Kennett, 2008; Schmandt and Humphreys, 2010), upper mantle convection (Ping et al., 

2006; Schmandt and Humphreys, 2010), hotspots (Benoit et al., 2006; Schmandt et al., 

2012), as well as subducting lithosphere at depth (Cheng et al., 2012). Seismic traveltime 

tomography, in general, involves the solution of a large inverse matrix problem in order 

to obtain a heterogeneous model that is most consistent with observations (Rawlinson et 

al., 2010). As has been shown by numerous previous studies, seismic tomography has the 

capacity to reveal a wide range of mantle structures and should therefore serve as a 

useful tool for imaging the subsurface beneath the Texas Gulf Coast passive margin. 

 

2.        Data 

 

We use earthquakes that occurred between July 2008 and March 2013 and were 

recorded by twenty or more of 328 broadband, three-component stations in Texas, 

Oklahoma and New Mexico. Earthquakes were required to have magnitudes ranging 

from 5.0 to 7.0 and located at distances of 30°-95° from recording stations.  Of the 328 

stations, 234 were from the Earthscope Transportable Array (TA), located throughout 

Texas, Oklahoma, and New Mexico (see http://www.earthscope.org); 71 stations were 
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part of the SIEDCAR deployment (Pulliam et al., 2009), and 23 stations were from the 

GCP deployment that transverses the Gulf Coastal Plain (Figure 2). All stations consisted 

of a broadband, three-component seismometer and a 24-bit digitizer/recorder.  Precise 

information about each station’s configuration is available from the IRIS Data 

Management Center’s website (http://www.iris.edu/dms/dmc). 

The GCP broadband stations were distributed from Matagorda Island, a barrier 

island in the Gulf of Mexico, to Johnson City, TX, at 15-20 km spacing. The location of 

the transect was chosen because it is the shortest distance from the Gulf Coast shoreline 

to the Laurentia craton, so any remnants of suturing, deformation, and break-up might be 

imaged with a minimum number of stations. The GCP stations were installed in July 

2010 and demobilized in March 2013; the transect was intended to provide a high-

resolution 2D tomographic image of mantle structure across the transitional crust of the 

GCP that would, in turn, allow inferences concerning the tectonic history of Laurentia’s 

southern margin. EarthScope’s TA stations have a nominal spacing of 70 km, so images 

obtained from the 3D tomographic inversion aside from the GCP transect will have lower 

resolution. 

P arrivals were measured from 406 events, producing a total of 50,102 source-

receiver pairs. S arrivals were analyzed from 131 events, for a total of 14,187 source-

receiver pairs (Figure 3). The difference in numbers between P- and S-wave data sets is 

largely due to differences in noise characteristics between P and S arrivals, which is 

partly due to the large sediment package beneath the study region and partly due to the 

fact that reverberating P energy creates higher noise levels for the later-arriving S waves. 
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Data were retrieved from the GCP stations approximately every three months. The data 

were then preprocessed using Antelope
TM

 and PASSCAL seismic software and 

subsequently submitted to the Data Management Center operated by the Incorporated 

Research Institutions for Seismology (IRIS DMC) for archival. Data recorded by 

EarthScope TA stations were downloaded from the IRIS DMC. First arriving P- and S-

waves were manually picked on the preprocessed data, which were recovered from the 

GCP deployment, as well as on the data downloaded from the IRIS DMC. The program 

xcorrelate (Brandon Schmandt, personal communication, 2009), was used to find relative 

delay times of first arriving P- and S-waves across the array of stations via cross-

correlation (Figure 4a, b). Data incorporated into this study from the SIEDCAR 

deployment were retrieved from the database at the Baylor University Geophysics 

Laboratory. Delay times produced from the GCP, Earthscope TA, and SIEDCAR 

waveform data were then used as inputs for 3D tomography. 

 

3.        Tomographic inversions 

 

FMTOMO, a Fortran software package, performs 3D traveltime tomography, 

using the fast marching method (FMM) (de Kool et al., 2006) in order to develop the 

forward step traveltime predictions, and a subspace inversion process to adjust model 

parameters to satisfy observed seismic data (Rawlinson and Sambridge, 2004a). 

FMTOMO employs an iterative non-linear scheme in which each inversion assumes 

local linearity and repeated iterations of FMM and subspace inversion allow velocities 

and traveltime perturbations to be reconciled in a manner that depends only weakly on 

the starting velocity model.  In principle, FMTOMO should produce more accurate 

details of anomalies, including bounds and velocity contrasts, than inversion schemes 
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that perform just a single-step, linearized inversion. Other methods for iterated non-linear 

inversions, 3D raytracing for example, lack the computational stability and efficiency 

that FMM affords (Rockett et al., 2013). 

 

3.1 Resolution Test 

 

A synthetic resolution test is used to identify portions of a model that are likely to 

be well or poorly constrained for a given data set (Rawlinson et al., 2010, Rawlinson and 

Kennett, 2008). In this study we perform a checkerboard resolution test (Rawlinson and 

Kennett, 2008; Rawlinson and Fishwick, 2012; Rawlinson et al., 2006; Schmandt and 

Humphreys, 2010; Schmandt et al., 2012; Rockett et al., 2013). A checkerboard 

resolution test starts with a synthetic model consisting of alternating fast and slow 

velocity perturbations in the three-dimensional model space and the same source-receiver 

pairs found in the observed data set. Travel times for each source-receiver pair are 

computed through the checkerboard velocity model and then inverted using FMTOMO.  

Ideally the input checkerboard model would be retrieved exactly but variations in ray 

coverage (i.e., model sampling) and an imperfect experimental geometry (e.g., all 

stations are located at the Earth’s surface and all waves are nearly vertically-propagating 

for teleseismic events) lead to smearing and trade-offs.  Such effects indicate poor 

resolution; results of synthetic checkerboard tests therefore identify regions in the models 

for which resolution is relatively poor or relatively strong. 

Three synthetic resolution tests were performed for both P- and S-wave 

tomography models. In order to investigate small- to large-scale resolution, checkerboard 

sizes were set to 50 km, 75 km, and 100 km (Figure 5a, b, c), respectively.  Input 

amplitudes were set to ±0.4 km/s in each case. The checkerboard resolution tests for both 



9 

 

P (Figure 6a, b, c) and S (Figure 7a, b, c) models show good lateral resolution in the 

northwest-southeast direction to a depth of 440 km. The resolution of both the Vp and Vs 

models decreases from the center of the model to its boundaries, a pattern that mirrors the 

distribution of crossing rays in our data set. Consistent with a previous studies in the area 

by Rockett et al. (2013), the checkerboard tests show smearing in the northeast-

southwest direction; this smearing is due to a smaller number of earthquake sources 

located to the southwest and northeast of the stations compared to the northwest and 

southeast.  

The results of all of the synthetic tests display various levels of vertical smearing. 

Vertical smearing results from the fact that rays from teleseismic events are sub-parallel 

and nearly vertically-propagating when they arrive at stations, so this effect is 

unavoidable with the data we have available.  Including local earthquakes might increase 

the constraints and reduce vertical smearing but the region imaged here is relatively 

inactive seismically, so few local events are available for inclusion.  It is important to 

note that the vertical smearing effect makes it difficult to describe accurately the depth 

limits and vertical extent of anomalies.    

 

3.2       Model Parameters 

 

Vp and Vs models are parameterized identically; the model space is divided into 

two layers, with one layer above the Moho and one layer below. The two layers are 

represented by 7776 and 62208 velocity nodes, respectively.  Nodes are spaced 25 km 

apart in latitude, longitude, and depth. The reference, or “initial”, velocity model used for 

all inversions during this study is the 1D ak135 model (Kennett et al., 1995). Multiple 

parameterizations, consisting of various node spacing, numbers of layers, and associated 
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layer velocities were tested in order to explore the robustness of the inversion. All 

parameterizations produced similar patterns of anomalies, although the amplitudes of 

those anomalies varied slightly. Inversions for both the Vp and Vs models used six 

iterations of a 20- to 25-dimensional subspace inversion with a smoothing value of 350 

and a damping value of 1. The final P-wave model solution reduces data variance from 

3.922 s
2 

to 1.331 s
2
, a reduction of 66%. The final S-wave model solution reduces data 

variance from 4.055 s
2 

to 1.666 s
2
, a reduction of 59%. Our choices of smoothing and 

damping factors were based on numerous trials of a wide variety of smoothing and 

damping values. The final smoothing and damping factors were selected because they 

did not produce features that were smaller than checkerboard tests revealed to be 

resolvable while simultaneously resulting in a high data variance reduction.  We 

emphasize, however, that other choices of smoothing coefficients and, to a lesser extent, 

damping coefficients, within a broad range did not change the pattern of anomalies 

sufficiently to require alternative interpretations of features from those provided below. 

 

4.         Results 

 

Horizontal and vertical cross-sections through the final Vp and Vs 3D 

tomographic models display several notable features. A region of high Vp parallels the 

coast (Figure 8A, 8B, region b), although this anomaly is not as pronounced in the Vs 

model (Figure 8C, 8D). The high Vp anomaly, trends northeast/southwest across Texas 

from south of the Big Bend region to the border of Texas with Louisiana, while 

extending 450 km inland from the Texas coastline, at its maximum. The fast anomaly 

may continue into Mexico and Louisiana but, due to a lack of data from outside of the 

United States, the extent of the anomaly beyond the U.S.-Mexico border is uncertain. An 



11 

 

inversion that includes data from TA stations east of Oklahoma and Texas could 

determine whether the anomaly extends into Louisiana and beyond. 

A fairly continuous slow anomaly underlies the fast anomaly throughout central 

Texas (Figure 9B-I, region d) but the depth to the anomaly differs between the Vp and 

Vs models. In the Vp model the onset of the anomaly ranges from 210 km to 270 km, the 

anomaly is then continuous to at least a depth of 440 km. The slow anomaly trends 

northeast-southwest along the coastline and deepens to the northwest. It is overlain by a 

region of high Vp, with few exceptions, and the fast anomaly dips around the southern 

edge of the slow anomaly in several locations. In the Vs model (Figure 9G) the slow 

anomaly starts approximately 150 km inland from the coast at a depth of 80 km, dipping 

northwest (as in the Vp model) and extending ~625 km inland and to a depth of ~240 

km. In the Vs model, the slow anomaly is semi-continuous from its onset at 80 km 

(Figure 9F-I) to the bottom of the model at 440 km. The Vs GCP cross-section shows the 

slow anomaly with an average thickness of ~150 km, with a fragment to 440 km (Figure 

9G, region d). A large slow anomaly at the surface that trends with the Texas coastline 

and deepens out into the Gulf of Mexico is present only in the Vs model (Figure 9F-I, 

region d). 

A slow anomaly beneath the Texas Panhandle and western Oklahoma appears in, 

and correlates strongly between, Vp and Vs models (Figure 8A-D; Figure 9B-I, region 

a). The slow anomaly is present at the surface and continues to a depth of at least 440 

km. The anomaly is more extensive near to the surface in the Vp than the Vs model.     

 

5.         Discussion 

 

5.1       Upper Mantle Shear Zone 



12 

 

  

A large slow anomaly in the Vs tomographic model denotes a significant change 

in seismic velocity across the Gulf Coastal Plain and, at greater depths, beneath the 

cratonic lithosphere (Figure 9F-I, region d). The top of the slow velocity may mark the 

top of the underlying asthenosphere; this boundary corresponds to a discontinuity 

identified by Sp receiver function imaging in a companion study (Ainsworth et al., 

2013), which those authors interpreted to be the top of a shear zone or, perhaps, the 

lithosphere-asthenosphere boundary (LAB). The LAB is a region of weakness where the 

rigid lithosphere is underlain by the weak, plastically-deforming asthenosphere (Eaton et 

al., 2009), and is often associated with a shear zone. Studies of SKS splitting (Comiskey 

et al., 2013; Refayee et al., 2013) have identified high levels of anisotropy beneath the 

Gulf Coastal Plain at depths of ~180 km, which would correspond to the top of the slow 

anomaly. A shear zone might produce slow shear wave velocities and large SKS splitting 

lag times as a result of partial melt, which would provide greater mobility to the 

asthenosphere as it flows around the cratonic keel. Note, again, that vertical limits of 

anomalies are not well-constrained in this (or any) tomography that relies solely on 

teleseismic earthquakes but the slow feature described here is quite robust with respect to 

perturbations of parameterizations, including node spacing, number of layers, and details 

of the layer boundaries.  

A portion of region d (Figure 9F-I) follows the coastline and extends from the 

surface to a depth of ~190 km and is notably thicker than the inland portion of the 

anomaly. The extensive velocity anomaly can be attributed to vertical smearing between 

several smaller anomalies. In the crust the slow velocity results from the presence of ~15 

km sediment package along the GCP and at subcrustal depths it may be due to mantle 
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that has been depleted as a result of melt extraction during rifting. Mickus et al. (2009) 

attributed an anomaly with a high magnetic susceptibility in this region to the presence of 

a large mafic igneous complex. This igneous complex may have resulted from melt 

extraction from the mantle below. Vertical smearing makes it impossible to distinguish 

small velocity anomalies independently. However, various tests in which the shallowest 

layers of the Gulf Coastal Plain were set to very slow velocities, to mimic slow velocities 

in the thick pile of sediments, did not change the spatial extent of the subcrustal slow Vs 

anomaly, only the magnitudes of the velocities. 

 

5.2       Laurentia Craton 

 

A large, slightly fast anomaly, shown in horizontal depth slices of the Vp and Vs 

models (Figure 9B- I, region b), is present beneath Texas and eastern Oklahoma and 

appears in a location that is largely consistent with the southern extent of the Laurentia 

craton. Previous studies have made use of seismic tomography as a tool to estimate the 

thickness of the cratonic lithosphere in North America (Van der Lee, 2002), China (Xu 

and Zhao, 2009), Brazil (Rocha et al., 2011) and Africa (Begg et al., 2009). These studies 

found large, slightly fast seismic anomalies in locations of cratonic lithosphere bounded 

by lower velocity layers. Figure 9B-D shows a strong, coherent fast anomaly to depths of 

~220 km from, roughly, kilometer 50 to kilometer 450, where the “craton” feature is 

disrupted by the slow anomaly, noted above, that corresponds to the SOA.  Figure 9B-I 

shows the depth of the cratonic lithosphere to be ~200-220 km beneath central Texas, 

while Figure 9F-I displays the depth to the bottom of the lithosphere to be shallowing 

seaward to ~80 km beneath the GCP. These results correlate well with those of Van der 

Lee (2002), which estimates the thickness of the lithosphere beneath Missouri, on the 
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craton, to be 180-200 km and beneath Massachusetts, on the continental margin, to be 

~80 km.  

 

5.3       Lower Crust  

 

A region of high Vp follows the trend of the Grenville orogenic front from 

southwest to northeast across the study region (Figure 8A and 8B; Figure 9B-E, region 

c). Outcrops of poly-metamorphosed mafic material, including eclogite, have been found 

at the LU and in Marathon, TX (Mosher, 1998; Mosher et al., 2008). Eclogite can form 

when gabbroic lower crust is exposed to high temperatures and pressures and is of 

geophysical significance because of its high density, which can render the lower crust 

unstable over a lower-density mantle (Hacker, 1996).  The presence of uplifted and 

exhumed eclogite in the Llano uplift, coupled with the large high velocity anomaly seen 

in the tomography results, suggests region b may contain eclogite. However, the spatial 

extent of the Grenville complex is currently unknown, due the absence of additional 

outcrops and the dearth of previous studies of deep structure in this region. 

The presence of eclogite is only one possible explanation for the observed high-

velocity anomaly. Mosher et al. (2008) suggest that the detachment of a subducted slab is 

responsible for the Llano uplift. If a subducted slab were still present and adhered to the 

crust above, it would likely produce a high velocity signature, as observed in the 

tomographic images, although the continued presence of a severed slab in this location 

hundreds of millions of years is unlikely.  
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5.4       Lower Crustal Delamination 

 

The dipping of the fast anomaly displayed on both the southeast and northwest 

terminus hints at the fate of the lower crust beneath the GCP (Figure 10, region c). 

Delamination is the process by which lithospheric material (Marotta et al., 1998) 

becomes gravitationally unstable –denser than the underlying mantle—and then detaches 

and sinks (Lustrino, 2001). The collisional event that marks the Ouachita deformation 

might have underthrust crustal material beneath southern Laurentia and thereby 

thickened the crust in a zone that roughly mirrors the fast anomaly in Figure 8A and 8B 

and Figure 9B-E. A thickened crust could have placed the lower crust in the pressure and 

temperature range of the eclogite facies (Hacker, 1996).  Depending on the density of the 

resulting high-grade metamorphic rock, the presence of an eclogitic body in the mantle 

beneath a broad NE-SW swath of Texas could generate a gravitationally unstable 

condition, resulting in the removal, or delamination, of the lower crust.  This process 

may have been instigated by rifting, as the stretched crust fractured and allowed removal 

of the lower crust to occur in chunks.  In that case the process would likely have begun 

near the rift, beneath what is now the Gulf Coastal Plain, and have propagated toward the 

craton, where its advance has slowed considerably or stopped. 

The process of delamination has been invoked to explain anomalies observed 

seismically in numerous locations, including the Colorado Plateau (Levander et al., 

2011), southeast Tibet (Ren and Shen, 2008), Wyoming (Foster et al., 2008), and the 

Banda Sea region (Fichtner et al., 2010). Through numerical modeling, Krystopowicz 

and Currie (2013) demonstrate that eclogitization is likely to lead to the development of a 

thick root during crustal shortening associated with orogenic processes and that, 
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ultimately, thickening and densification of the crustal root could lead to delamination in 

one of several modes.  The mode that is most likely to have occurred beneath the GCP is 

a “rollback” process, in which delamination began near the rift and proceeded 

northwestward, perpendicular to the rift and the current coastline. 

Jull and Kelemen (2001) show that the high temperatures required for mafic-

ultramafic lower crustal material to sink into the mantle can only be achieved for arcs, 

volcanic rifted margins, or continental extension zones that are underlain by a mantle 

plume or beneath an area in which a substantial section of the upper mantle has been 

removed. The process of lower crustal delamination, if it is indeed occurring beneath the 

GCP, could provide indirect evidence for the existence of a “plume” or thermal anomaly 

in the mantle beneath the region before rifting initiated.   

Delamination of lower crust and replacement by underlying asthenosphere would 

result in uplift of the remaining crust (Bird, 1979). It is clear that some uplift has 

occurred in the region of the Llano uplift (Mosher et al., 2008), but it is less clear 

whether there has been widespread uplift of the GCP.  The overlying sediment package 

would serve to counter buoyancy created by the departure of densified lower crust and 

buoyancy forces need not be overwhelming. Krystopowicz and Currie (2013) suggest 

that a mere 7% difference in density between the lower crust and underlying mantle 

could be sufficient to trigger the removal of the lower crust, so its replacement by mantle 

material would not require large changes in elevation to return the region to isostacy. 

 

5.5       Southern Oklahoma Aulacogen 

 

The slow velocity anomaly, region a, found in both tomography models, located 

beneath the Texas panhandle and western Oklahoma (Figure 8A-D; Figure 9B-I, region 
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a) corresponds geographically to the SOA. The slow velocity anomaly follows the trend 

of the SOA, northwest-southeast through northern Texas and southwestern Oklahoma. A 

slow anomaly is to be expected in the region of the SOA as a result of the elevated 

geotherm that accompanies rift systems. The SOA has been determined by gravity and 

magnetic surveys to be a relatively small feature at the Earth’s surface, limited to a 

narrow band in Oklahoma with a small extension into the Texas Panhandle (Figure 1; 

Robbins and Keller, 1992). Results of this tomography study show the SOA’s influence 

extends over a much larger area and depth range than has been apparent previously. The 

small expression of the SOA in the Vs tomography near the surface (Figure 8C-D, region 

a) likely highlights only the slowest regions, such as feeder dikes or areas in which fluids 

are present. The surface extent of the SOA in the Vs tomography model closely 

resembles the expression of the SOA in gravity and magnetic studies (Robbins and 

Keller, 1992). A similar tomography study conducted in the RGR region (Rockett et al., 

2013) also shows a large slow anomaly extending to depths of at least 440 km associated 

with that rift system. The RGR is undergoing active spreading, whereas spreading at the 

SOA appears to have ceased (Brewer, 1982). Similarities between the SOA and the 

RGR, particularly with respect to the size of each anomaly and its depth extent, suggest 

that the processes by which each “rift” is supplied may also be similar, and that the SOA 

may still be “active”, in some sense, in the subsurface, even though it appears to be 

quiescent at the surface. Estimates of seismic anisotropy from SKS splitting 

measurements (Gao et al., 2008; Refayee et al., 2013; Comiskey et al., in prep, 2013) 

suggest that the SOA may have served as a conduit for easily deformable or mobile 

material, due to the alignment of fast polarization vectors with the trend of the rift.  If the 
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material is truly mobile, the SOA may represent a pathway for asthenospheric flow 

around the keel of Laurentia’s cratonic keel, which has been disrupted and thinned by a 

thermal anomaly associated with the SOA. 

 

6.         Conclusions  

 

The region now known as Texas and Oklahoma has witnessed an extensive and 

complex set of orogenic, extensional, and rifting events, beginning (perhaps) with the 

Grenville orogeny and culminating in the opening of the GoM. Remnants of these events 

are likely to have been recorded in structures that now reside in the upper mantle and 

lower crust beneath the region.  In order to gain a better understanding of the tectonic 

history of the region, we conducted a 2.5-year broadband seismograph transect across the 

GCP to collect unique data at close station spacing across the Gulf Coastal Plain and 

combined those data with data from two additional seismic networks. We used the 

combined data set to construct Vp and Vs models for the crust and mantle via traveltime 

tomography. The resulting tomographic images display a variety of large and small 

anomalies that correlate well with what is known about the region’s tectonic history.  

For example, a large high velocity anomaly, region b, in central Texas and eastern 

Oklahoma, extending to a depth of ~240 km, marks the boundary and southernmost 

extent of the mesoproterozoic craton. The cratonic lithosphere is underlain by a low 

velocity anomaly, region d, that may be associated with an upper mantle shear zone 

whose upper bound may represent the lithosphere-asthenosphere boundary. A slow 

anomaly appears beneath the Laurentia craton and the anomaly becomes shallower as it 

traverses the GCP to the Gulf of Mexico. Most of the fast Vp anomalies are underlain by 

slow Vs anomalies, which may correspond to a layer of partial melt that marks the top of 
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a shear zone or the LAB. Our Vp and Vs models show significant differences beneath the 

Gulf Coast; Vp is normal to slightly fast while Vs is unusually slow. Beneath the craton, 

on the other hand, Vp is quite fast and Vs is slightly fast.  

A large slow velocity anomaly, region a, is present beneath the SOA. Figure 9E-

H shows continuity of the slow Vs anomalies at depth between the GCP and the SOA, 

suggesting they may be some connection and interaction between the two anomalies.  

The SOA anomaly suggests that this zone may still have elevated temperatures; its 

apparent subsurface connection to the RGR may hint at a potential for reactivation in the 

future. 

A high velocity anomaly, region c, is found beneath central and southeast Texas 

that we attribute either to densification of the lower crust and/or the presence of an 

unusually thick crust, perhaps resulting from continental collision at the onset of the 

Ouachita orogeny. The presence of eclogite in the Llano uplift suggests that some 

eclogite may be present in the material.  

An intriguing anomaly appears beneath the GoM coast at the border between 

Texas and Mexico (Figure 8B).  Although the anomaly is mirrored in both Vp and Vs 

models, it occurs in a region of poor resolution, so it does not warrant serious attention or 

interpretation.    

The interpretation of observed structure as lower crustal delamination, if correct, 

may provide indirect evidence for an “active” rifting process, involving a thermal 

anomaly in the mantle that led to the opening of the GoM.  
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Figure 1:Tectonic map of Texas and Oklahoma: Map of Texas and Oklahoma displaying 

relative locations of significant tectonic features as they pertain to the Laurentia Craton 

and the Gulf Coast Plains. Regions of deformation and/or uplift (shaded) and include: the 

Rio Grande Rift (RGR), the Southern Oklahoma Aulacogen (SOA), the Llano Uplift 

(LU), the Balcones Fault Zone (BFZ), the Mexia-Talco Fault Zone (MTFZ), the Luling 

Fault Zone (LFZ) and the Charlotte-Jourdanton Fault Zone (CJFZ).  Orogenic fronts 

(solid lines) include the Grenville orogenic front and the Ouachita orogenic front. 
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Figure 2: Station location map: The X4 Network (Blue) associated with the GUMBO 

project is intermixed with the XR Network (Green) associated with the SIEDCAR 

project and the TA (Transportable Array) Network (Red) associated with Earthscope. 
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Figure 3: Earthquake location map: Azimuthal distribution of the 537 (P-wave: 406; S-

wave: 131) earthquakes of magnitude ≥ 5.0 used in the compressional (red circles) and 

shear (blue stars) wave inversion. All teleseismic sources have distances 30-90° from the 

array (center of plot). 
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Figure 4: Xcorrelate: (A) Labeled by station (Y-axis) and node points (X-axis), Sample 

of initial input of waveforms for Xcorrelate (left), counterpart of previous waveforms 

after cross-correlation is preformed (right), (B) Calculated delay times (seconds) 

represented by colored circles. 
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Figure 5: Reference checkerboard model: Input for resolution test of the compressional 

and shear model with checkerboard sizes of 3x3 velocity nodes equaling ~75 km
3 

per 

perturbation node. (A) depth slice, (B) latitude slice and (C) longitude slice. 
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Figure 6: Vp checkerboard test result: (A) 75 km depth slice: displaying good resolution 

throughout the study area with little smearing to the northeast-southwest, (B) Latitude 

(32.0°) slice displaying overall good west to east resolution in the study area, with little 

smearing in the west and progressively increasing smearing to the east, (C) Longitude 

(99.0°) slice displaying reasonable south to north resolution with some smearing (north 

to south). 
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Figure 7: Vs checkerboard test result: (A) 75 km depth slice: displaying good resolution 

in the west of the study area with northeast-southwest smearing in the east, (B) Latitude 

(32.0°) slice displaying good resolution in the west of the study area and reasonable 

resolution in the east accompanied by little smearing, (C) Longitude (99.0°) slice 

displaying reasonable south to north resolution with some smearing (north to south). 
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Figure 8: Depth slices of 3D tomography: (A) Vp depth slice (75 km) and (B) Vp depth 

slice (175 km): significant features are large slow anomaly, region a, present in the 

region of the Southern Oklahoma Aulacogen, large fast anomaly consistent with the 

southern extent of the Laurentia craton lithosphere, region b, and a high velocity 

anomaly, region c, in southeast Texas trending southwest-northeast. (C) Vs depth slice 
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(75 km) and (D) Vs depth slice (175 km): significant features are the slow anomalies, 

region a, which out line the Southern Oklahoma Aulacogen, the large fast anomaly, 

region b, consistent with the southern extent of the Laurentia craton, and a large slow 

anomaly, region d, which mimics the coastline and extending beneath the Laurentia 

craton. 
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Figure 9: 2D Great-Circle cross-sections: (A) Map view of A-A`, B-B`, C-C` and D-D` 

cross-section locations with significant tectonic features. (B) A-A`, (C) B-B’, (D) C-C` 

and (E) D-D`: great-circles through Vp model displaying a fast anomaly, region b, 

associated with the southern extent of the Laurentia craton, large slow anomaly, region d, 

at the bottom of the model associated with the a LAB shear zone, and a low velocity 

vertical anomaly, region a, in the region of the Southern Oklahoma Aulacogen. (F) A-A`, 

(G) B-B`, (H) C-C` and (I) D-D`: great-circles through Vs model displaying a fast 

anomaly, region b, associated with the southern extent of the Laurentia craton, a slow 

velocity anomaly, region d, consistent with the LAB shear zone and the Gulf Coast 

sediments, and a slow velocity vertical anomaly in the region of the Southern Oklahoma 

Aulacogen. 
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Figure 10: 2D Longitude (99.0°) slice: Cross-section through 3D Vp tomography, fast 

anomaly (dark green) extending down and the slow velocity material (tan) is ascending 

to fill the void.   
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CHAPTER THREE 

 

Conclusions 

 

 

 The research presented in this study, allows the scientific community to have a 

more clear understanding of the deep subsurface structures beneath Texas and Oklahoma. 

This, ongoing, and future geophysical research done, will undoubtedly shed new light on 

scientific problems we, as the scientific community, have yet to solve, while 

simultaneously proposing new and interesting questions, for the future researches at 

Baylor University to answer.   

 


