
 

 

ABSTRACT 

 

Sp Receiver Function Imaging of a Passive Margin: 

Transect Across Texas’s Gulf Coastal Plain 

 

Ryan Ainsworth, M.S. 

 

Chairman: Jay Pulliam, Ph.D. 

 

 

 A Sp receiver function common conversion point (CCP) stacked image beneath 

Texas Gulf Coast Plain (GCP) reveals anomalies that may be detached lower crust 

sinking into the mantle. The detached crust may have resulted from distinct episodes of 

delamination as the lower crust peeled away from the upper crust.  The apparent presence 

of delaminated crust in the mantle indirectly points to a thermal anomaly in the mantle 

that may have initiated the rifting episode that created the Gulf of Mexico.  The CCP 

stacked image also reveals a significant structure with negative polarity ~110 km beneath 

the array.  Discontinuities of this polarity at this depth have been interpreted elsewhere as 

the lithosphere-asthenosphere boundary (LAB) and this interpretation is consistent with 

previous results for this region.  The observed variations in amplitudes of Sp conversions 

at this “LAB” discontinuity may be produced by large contrasts in seismic anisotropy 

created by a shear zone. 



Page bearing signatures is kept on file in the Graduate School. 

Sp Receiver Function Imaging of a Passive Margin: 

Transect Across Texas’s Gulf Coastal Plain 

 

by 

 

Ryan Ainsworth, B.S. 

 

A Thesis 

 

Approved by the Department of Geology 

 

___________________________________ 

Steven G. Driese, Ph.D., Chairperson 

 

Submitted to the Graduate Faculty of  

Baylor University in Partial Fulfillment of the  

Requirements for the Degree 

of 

Master of Science 

 

 

 

 

 

Approved by the Thesis Committee 

 

___________________________________ 

Robert Jay Pulliam, Ph.D., Chairperson 

 

___________________________________ 

John A. Dunbar, Ph.D. 

 

___________________________________ 

Gregory A. Benesh, Ph.D. 

 

 

 

 

 

 

Accepted by the Graduate School 

August 2013 

 

___________________________________ 

J. Larry Lyon, Ph.D., Dean                      

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 2013 by Ryan Ainsworth 

 

All rights reserved 



iv 

 

TABLE OF CONTENTS 

 

 

List of Figures v 

  

ACKNOWLEDGMENTS vi 

  

CHAPTER ONE  

 

Introduction  

Significance of study 1 

  

CHAPTER TWO 

 

2 

Manuscript One 2 

Abstract 2 

Introduction 3 

Data 7 

Methods 8 

Results 10 

Discussion 12 

Conclusion 

Acknowledgments 

21 

23 

References 25 

  

CHAPTER THREE 

 

37 

 

Conclusion 37 



v 

 

LIST OF FIGURES 

 

 

Figure 1 Tectonic map and X4 Array 32 

   

Figure 2 Event locations 33 

   

Figure 3a Sp CCP stack 34 

   

Figure 3b SRF CCP interpreted stack 34 

   

Figure 4a CCP slice hitcount 35 

   

Figure 4b CCP slice error 35 

   

Figure 5 Interpreted cross-section across the GCP 36 



vi 

 

ACKNOWLEDGMENTS 

 

 

 I would like to thank my family for all their support throughout my whole college 

career, none of this would have been possible with out there support and encouragement.  

I would especially like to thank my dad for all the sacrifices that he made in order to get 

me to this point, and for sparking my interests in the geosciences at a young age.  I would 

also like to thank my advisor Dr. Jay Pulliam.  He was a huge help throughout this whole 

process, and I’m very grateful that he brought me Baylor.  I would also like to thank the 

rest of my committee members Dr. John Dunbar and Dr. Greg Benesh for their time and 

input on my project.  I would also like to thank my fellow graduate students who made 

me feel welcome from the day I got here and were always willing to help when needed.  

Lastly I would like to thank my undergraduate professors at Montana Tech their 

continued interest in my success and encouragement is appreciated.  

 

 



1 

 

CHAPTER ONE 

 

Introduction 

 

 

 The format of the manuscript contained in Chapter Two is specific to the journal 

of Earth and Planetary Science Letters, in which this manuscript was sent to be 

considered for publication.  While I am the lead author of the manuscript, I would like to 

acknowledge the coauthors of this paper that were instrumental in the development of the 

manuscript.  Dr. Jay Pulliam and Dr. Harold Gurrola helped set up the project and played 

a significant role in interpreting the results of the project.  Dominic Evanzia helped 

collect and format the data that was used in this project.   

The main motivation of this study was to image the deep crustal and upper mantle 

structure beneath the Gulf Coast Plain (GCP) of Central Texas.  Due to years of sediment 

influx onto the GCP, very little is know about the deep structure of this region.  

Therefore, the tectonic events that lead to the formation of this region are poorly 

understood.  In order to accomplish this task we deployed a densely spaced broadband 

seismic array across the GCP in which Sp receiver functions were computed.  The results 

of this study with addition of tomography and SKS splitting studies of this region will 

hopefully provide us with a better idea of the deep structure and tectonic events that 

shaped the GCP of Central Texas.  Lastly, results of this study can also be used to inform 

future results obtained from EarthScope’s Transportable Array (TA) a more sparsely 

space array which has recently traversed this region. 
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CHAPTER TWO 

 

Manuscript One 

 

 

Sp Receiver Function Imaging of a Passive Margin:  

Transect Across Texas’s Gulf Coastal Plain 

 

Abstract 

 

 Passive margins are common throughout the world and are of great economic 

importance since they harbor the majority of the world hydrocarbons.  Yet, studies of the 

deep structure of passive margins are quite rare.  A broadband seismic transect across the 

Texas Gulf Coastal Plain (GCP) was therefore deployed in order to image the deep 

structure beneath this passive margin.  An Sp receiver function common conversion point 

(CCP) stacked image reveals an anomaly that may be detached lower crust sinking into 

the mantle. The detached crust may result from two or more distinct episodes of 

delamination as the lower crust peeled away from the upper crust.  The apparent presence 

of delaminated crust in the mantle suggests that a thermal anomaly may have initiated the 

rifting episode that created the Gulf of Mexico (GOM).  

The CCP stacked image also reveals a significant structure with negative polarity 

~110 km beneath the array.  Discontinuities of this polarity at this depth have been 

interpreted elsewhere as the lithosphere-asthenosphere boundary (LAB) and this 

interpretation is consistent with our, as well as previous, results for this region. Thermal 

variations alone would not produce a sufficiently sharp discontinuity to be imaged by Sp 

converted phases; another, or a combination of, mechanisms must be responsible.  Recent
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shear-wave splitting studies have revealed unusually large delay times in this region, and 

the observed variations in amplitudes of Sp conversions at this “LAB” discontinuity may  

be produced by large contrasts in seismic anisotropy created by a shear zone.  

Discontinuities revealed in this study may form the top and bottom of that shear zone. 

 

Keywords: 

Sp receiver functions, Passive Margin, Gulf Coastal Plain, Delaminated Crust, 

Lithosphere-Asthenosphere Boundary, Shear Zone  

 

1. Introduction 
 

 

1.1 Background 

 

Receiver function imaging has become a useful and widely applied technique in 

studies of the crust and upper mantle beneath stable continents and tectonically active 

regions.  However, applications to ocean-continent transition regions, of which so-called 

“passive margins” is a common type, are much more rare. This is probably due, in part, to 

poor results obtained for cases in which multiple reflections in sedimentary basins 

degrade receiver function, but mostly due to the fact that the appropriate number of 

densely-spaced seismic stations are rarely found on passive margins.  The Texas Gulf 

Coast is an ideal region in which to study a passive margin because, as the southeastern 

edge of Laurentia, it has witnessed a great variety of tectonic events and because the 

transect studied here forms the shortest distance between old, relatively undeformed 

Proterozoic crust and the Gulf of Mexico.  Lastly, this is the site at which EarthScope’s 

Transportable Array (TA) first reaches a passive margin, so the results of a broadband 

study from more closely-spaced stations can inform results from other locales around the 
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Gulf in which only TA stations, with 70-km nominal spacing, will be available for 

analysis. 

 

1.2 Geological Background 

A variety of geological events account for the formation of central Texas and the 

Gulf Coastal Plain (GCP, Figure 1).  North of the GCP, central Texas is part of the 

southern edge of the Laurentia Craton, which is exposed in the Llano uplift (Mosher, 

1998). The crust of the Llano uplift was altered as a result of deformation and 

metamorphism during the Grenville orogeny 1231-1116 Ma (Walker, 1992). The 

formation of Pangea produced the Ouachita orogeny from the collision of Laurentia and 

Gondwana in the late Paleozoic (Harry and Londono, 2004).  Rifting ensued in the 

Triassic, breaking up Pangea and forming the modern continental margin  (Harry and 

Londono, 2004).  The Gulf of Mexico (GOM) then opened between 150 Ma (Bird et al., 

2005) and 215 Ma (Huerta and Harry, 2012) as the Yucatan rotated counter-clockwise 

away from Texas.   

Rifting processes are typically classified as “active”, implying that a thermal 

anomaly beneath the incipient rift initiated breakup, or “passive”, meaning that rifting 

resulted from far-field forces over normal mantle (Sengör and Burke, 1978).  Both 

processes can result in stretching and thinning of the crust and lithosphere and both can 

be accompanied by magma generation, although active rifting usually involves larger 

volumes of magma (Sengör and Burke, 1978). 

Due to millions of years of sediment influx, details of the region’s tectonic history 

are difficult to reconstruct (Dickinson, 2009; Harry and Londono, 2004).   In particular, 

the timing and style of rifting that is responsible for opening the GOM and creating the 
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GCP are unclear.  Mickus et al. (2009) attribute the formation of the GCP to an active 

rifting process, as suggested by modeling of gravity and magnetic anomalies that are 

located near, and parallel to, the coast (and therefore parallel to the rift that opened the 

GOM).  Conversely, Marton and Buffler (1993) attribute the opening of the GOM to 

passive rifting processes, driven by far field stresses and characterized by progressive 

faulting and ductile deformation of the crust and mantle (Sengör and Burke, 1978). 

 

1.3 Sp Receiver Functions 

A large volume of seismic data has been acquired in the GOM and GCP region by 

the exploration industry and the depositional history and sedimentary packages of the 

area have been studied intensively (Hall, 2002; Harry and Londono, 2004 Galloway, 

2008; Galloway et al., 2011).  However, seismic data that are capable of imaging the deep 

crust and upper mantle beneath the GCP, and thereby inform models of rifting, are 

limited and sparse.  In order to clarify the structure beneath the GCP we deployed a 

broadband seismic array across the GCP in a nearly linear transect from July 2010 to 

March 2013 (Figure 1). 

From the X4 array, Sp receiver functions (SRFs) were computed and migrated in 

order to image the deep crust and upper mantle beneath the GCP.  In SRF analysis, 

teleseismic S-waves are recorded by a three-component, broadband seismograph and 

effects of the earthquake source, distant structure, and shear waves are removed in order 

to isolate waves that were converted from S- to P-type beneath the seismograph.  SRF 

analysis makes use of the principle that a teleseismic S-wave will be converted to a P-

wave at a discontinuity (impedance contrast) below a receiver.  The images produced, 

which now contain the direct S-wave and Sp converted waves, can then be migrated 
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using P- and S-wave velocity models, which must be either obtained independently or 

estimated iteratively, to reveal offset vs. depth images of significant discontinuities in the 

crust and mantle. 

One particular goal of this study is to image the LAB, in order to determine the 

thickness of the lithosphere.  The thickness of the lithosphere exerts fundamental control 

in plate tectonic processes (Mohsen et al., 2006) and constraining this thickness can 

provide clues about the type and magnitude of deformation that took place during 

continental rifting.  Yet, little is known about the nature of the LAB and it has proven to 

be difficult to image, particularly beneath cratons (Eaton et al., 2009).  There have been 

successful attempts in detecting negative impedance contrasts that were interpreted as the 

LAB using Ps receiver functions (PRFs) (e.g., Rychert et al., 2005) and surface waves 

(e.g., Yuan and Romanowicz, 2010).  However, using SRF imaging to detect the LAB 

has become increasingly popular (e.g., Kumar et al., 2005; Rychert et al., 2005; Mohsen 

et al. 2006; Abt et al., 2010; Ford et al., 2010; Miller and Eaton, 2010; Kumar et al., 

2012) and has several advantages over other methods.  The SRF method uses an 

independent velocity model, so structures may be mapped to depth with greater accuracy 

than by the surface wave method (Easton et al., 2009).  In addition, Sp converted waves 

in the SRF method avoid complications from reverberations due to near-surface 

discontinuities that can contaminate Ps waves, since the direct S wave and Sp wave arrive 

before the reverberations (Rychert et al., 2007).  Also if there is a gradual gradient over 

which a “discontinuity” occurs, the amplitude of a Ps converted wave will be diminished.  

However, since Sp waves have longer periods, they are less sensitive to this effect 

(Rychert et al., 2007).  
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The SRF method also has several disadvantages with respect to the PRF method.  

There is a restricted range at which Sp waves can be imaged without being contaminated 

by secondary arrivals (Wilson et al., 2006; Yuan et al., 2006).  Therefore, Sp images will 

typically comprise lower data fold than Ps images.  Ps waves are also able to make use of 

higher frequency signals, resulting in higher resolution images, since P-waves have less 

path attenuation at teleseismic distances (Hansen and Dueker, 2009).  Higher quality data 

are also needed for the SRF method since Sp waveforms are typically more noisy than Ps 

waveforms (Rychert et al, 2007). 

 

2. Data 

The X4 array seismic array from which Sp receiver functions were computed 

consists of 23 three-component broadband seismometers spaced 16-20 kilometers apart.  

The array was installed in July of 2010 and trends to the northwest from Matagorda 

Island, a barrier island in the Gulf of Mexico, to Johnson City, Texas (Figure 1).  This 

location was chosen because it is the shortest distance from the Gulf Coast to the Llano 

uplift, which represents a transect across transitional crust to the relatively undeformed 

crust of the southernmost extent of former Laurentia.  The Gulf Coastal Plain, Stewart 

City Reef Trend, Balcones Fault System, and Llano uplift are all sampled by the X4 array 

(Figure 1).   

The array’s stations were modeled after an EarthScope Flexible array station and 

consisted of Reftek 130 digitizer/recorders and a combination of Guralp 3T, Guralp 

3ESP, and Nanometrics Trillium Compact seismometers.  All stations were powered by 

12-volt marine batteries charged by 65-watt solar panels.  Data, sampled at 40 Hz, were 

recorded on-site and stations were visited every three months, on average, to recover data 
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and check each station’s status.  After each service run, data were reformatted and 

preprocessed using Antelope
TM

 and PASSCAL software, and archived at the IRIS Data 

Management Center. 

From this dataset the computation of S-wave receiver functions across the array 

was restricted to teleseismic earthquakes of magnitude five or greater at epicentral 

distances of 60°-75° (Figure 2).  These distances were chosen so that resulting seismic 

traces were affected only by the structure of the mantle and crust, to help isolate the Sp 

phase, and to reduce noise from secondary P-wave arrivals (Wilson et al., 2006; Yuan et 

al., 2006).   The data set was further restricted to earthquakes that occurred along, or near, 

the great circle path defined by the X4 array: azimuths of 300°-330° or 130°-170° from 

the stations (red line of dots Figure 1). 

 

3. Methods 

S receiver functions were computed using a Matlab
TM

 program developed by S. 

Hansen and K. Dueker (Hansen et al., 2013).   S wave phase arrivals were automatically 

picked on all three components for each earthquake, and associated with an origin table. 

The traces were tapered so that only 90 seconds before and 90 seconds after the direct S 

wave arrivals were read, and a bandpass filter with corner frequencies of 0.03 and 2 Hz 

was applied to the traces.  Next, the traces were rotated from a ZNE coordinate system to 

a P-SV-SH ray-based coordinate system by finding the rotation angle that minimizes the 

P-component for S arrivals.  This rotation results in the energy from Sp converted phases 

to be concentrated in the P component.  The traces for each earthquake were then aligned 

along the S-wave phase branch.  Each earthquake and corresponding spectrogram were 

inspected visually.  Earthquakes for which a clear direct arrival could be observed on 
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both the P and SV components were ranked according to their signal-to-noise ratio and a 

signal window was picked.  All data after the direct S arrival were removed via tapering 

and traces were time-reversed in order to conform to the convention used for Ps images.  

Records without a clear direct arrival were discarded.  The end result of the process 

described above was an SRF dataset consisting of 39 earthquakes recorded by 22 stations. 

In order to image the structure below each seismograph, the source and instrument 

effects must be removed from the traces.  This is accomplished by deconvolving the SV 

phase from the P phase for S-wave receiver functions.  The deconvolution method 

utilized in this study is a three-component multi-channel method that includes pure-mode 

scattering (S-S scattering on the SV-component for SRF).  Pure-mode scattering is 

assumed to be non-zero and minimum phase and the calculation results in a set of three-

component receiver functions (P-SV-SH) (Bostock, 2004; Mercier et al., 2006; Hansen 

and Dueker, 2009; Hansen et al., 2013).  The first step of the deconvolution method takes 

advantage of the rough/smooth characteristics of receiver functions and source spectra 

(Hansen and Dueker, 2009; Hansen et al., 2013).  In the log-spectral domain a seismic 

trace is modeled by the addition of a smooth source function and a rough receiver 

function.  Therefore, in order to estimate the source function, the components from each 

station that recorded a particular earthquake are linearly stacked in the log-spectral 

domain and fitted with a smooth Gaussian.  The smooth Gaussian becomes an initial 

estimate of the source spectrum and is used as a constraint equation to separate the 

receiver function from the source through a log-spectrum least-squares inversion.  In the 

final step of the deconvolution method, all pass filters are created via Kolmogorov 

spectral factorization (Claerbout, 1992) and applied to the receiver functions to 
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reconstruct the phase spectrum from the amplitude spectrum.  A final bandpass filter of 

0.05-0.3 Hz for the SRF was then applied. 

Converted phases, such as Sp phases, can be weak and be obscured by noise.  

Therefore, a common conversion point (CCP) stack was performed in order to enhance 

the signal-to-noise ratio.  The resulting CCP stack was then migrated to the depth-offset 

domain using two-dimensional P- and S-wave absolute velocity models obtained from a 

tomography study that used the same stations, as well as additional stations from 

EarthScope’s Transportable Array (Evanzia et al., in prep., June 2013).  A bootstrapping 

technique was then used to estimate the stacking error in the resulting SRF CCP stack. 

 

4. Results 

Figure 3a shows the Sp receiver functions’ CCP stacked image. In Figure 3b we 

have highlighted positive arrivals with black lines and negatively polarized phases with 

red lines. Solid lines indicate strong arrivals that warrant interpretation, and dashed lines 

are used to highlight weaker phases whose significance is less certain. In Figure 3 a large-

amplitude positive discontinuity (“M” in Figure 3b) appears at ~25 km in depth at the 

southeastern end of the X4 transect, near the coast.  This discontinuity gradually dips 

downward in the northwest direction, where it reaches a depth of ~55 km beneath the last 

station of the array, which is located on the Llano uplift near Johnson City, TX at the NW 

end of the profile.  Another strong arrival crosses the entire profile at a nominal depth of 

~110km (highlighted by a red line in Figure 3b). We label this horizon as the LAB in 

Figure 3b. A second negative, semi-continuous phase (indicated by a dashed line) crosses 

the profile starting at a depth of ~165 km at the SE end and shallowing to ~150 to the NW 

(labeled ALAB). The last phase that spans the profile is a positive pulse (labeled A on 
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Figure3b) starting at 180 km beneath the coast and ending 205 km to the NW. This phase 

is again semi-continuous and at a distance between 0 km and 70 km appears to split.  

The CCP stacked image also reveals several other features below the crust that are 

localized in nature and do not cross the entire profile.  One of these discontinuities sits at 

a depth of ~50-65 km in the southeastern end of the transect and is marked by a negative 

discontinuity (red line in Figure 3b labeled D) on top of a positive discontinuity (black 

line in Figure 3b).  Other localized features (labeled “C” in Figure 3b) with positive 

polarities are located at: 1) ~80-90 km in depth at distances of -50 to +10 km along the 

transect; 2) ~140 at +50 to +110 km and  3) ~150 at  -30 to -80 km along the profile.  

Features 2 and 3 are typical of small features that appear often in Sp images of the 

lithosphere and can be attributed to random noise or to sidelobes of nearby negative 

pulses;  we dismiss these features as artifacts.  

 Ray coverage is quite good along most of the X4 transect, with hit-counts of 30-

50 (Figure 4a).  However, the southeastern end of the transect is significantly less well-

sampled, with a hit-count value of 10-20 and decreased ray coverage is found 50-100 km 

from the center of the array at depths below 150 km.  The poor ray coverage in these 

areas can be attributed to instruments that malfunctioned following a flood. Even with 

repairs and replacements, a handful of stations recorded many fewer high quality 

earthquakes on all three-components of their seismometers than did the majority of 

stations.  

 In spite of instrument failures, bootstrapping error estimates show that there is 

little error associated with the SRF CCP stacked image (Figure 4b).   The majority of the 

imaged area has a stack error with a standard deviation of 0.02 s; the highest stack error 
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occurs at a depth of ~30 km, where the stack error’s standard deviation ranges from 0.06 

s to 0.09 s. 

 

5. Discussion 

 

 

5.1 Moho and Depleted Mantle 

 

The strongest Sp converted phase maps to a depth of ~25 km beneath the Gulf 

Coastal Plain and gradually deepens to a depth of ~55 km beneath the Llano uplift (“M” 

in Figure 3b).  Discontinuities with a positive polarity indicate an increase in velocity 

with depth; this discontinuity is therefore assumed to be the Moho.  The depth of the 

Moho indicates progressive thinning of the crust in the seaward direction, which is 

consistent with what would be expected beneath a rifted passive margin.  This phase is 

twice as wide in the northwestern half of the image than in the SE. We believe this is the 

result of two separate phases (Moho and a mid-crustal Ps phases, illustrated by the dashed 

line in Figure 3b) that are close to each other. There is a midcrustal phase in higher 

resolution Ps imaging using data from this line (Knuppel et al., in prep., 2013 ).  The 

lower frequencies used in SRF analysis produce a broad pulse, which causes a possible 

mid-crustal phase to become indistinguishable from the Moho Sp phase, and results in a 

single, broad pulse in the image. 

 Two small discontinuities are also shown in the SRF CCP stacked image: One 

with negative polarity at ~50 km in depth and one with positive polarity at ~65 km in 

depth at the southeastern end of the transect.  These discontinuities may indicate mantle 

that has been depleted as a result of melt extraction during rifting.  Mickus et al. (2009) 

found an anomaly with a high magnetic susceptibility in this region at ~15 km in depth 
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that they attributed to a large mafic igneous complex.  This igneous complex may have 

resulted from melt extraction from the mantle below. These discontinuities are also 

present in the Ps images of Knuppel et al. (in prep., 2013) and are similar to an 

anomalous low velocity body in the mantle found near the Texas shoreline in a 

reinterpretation of the Hales (1969) refraction profile by Duncan and Gurrola (2009).  

This feature coincides with the coastal magnetic anomaly and may represent the mafic 

body that was the source of iron-rich volcanism in the crust above. It is important to note, 

however, that these discontinuities are found in a zone of poor ray coverage, as is evident 

in Figure 4a, near the end of the transect. 

 

5.2 Delaminated Crust 

 

The CCP stacked image also reveals several other discontinuities below the crust 

that have positive polarities. The only one of these that stands out sufficiently to warrant 

discussion is the discontinuity located at ~80-90 km in depth at distances of -50 to 10 km 

along the transect which is also present in the Ps images (Knuppel et al., in prep., 2013).  

One possible explanation for this body is that the discontinuity is a remnant subducted 

slab of Laurentia that broke off during a collision with another continent (Mosher, 2008).  

Mosher (2008) proposes a scenario in which the partial subduction of Laurentia under a 

southern continent and eventual break-off of the slab is responsible for the Llano uplift.  

However, even if such a slab break-off did occur, it is unlikely that the slab would still be 

present under the GCP.  The complete detachment and disappearance into the mantle of 

the slab fragment would, presumably, be required in order to produce significant uplift of 

the Llano. 
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An alternative explanation is that these discontinuities indicate portions of 

detached lower crust that are sinking into the mantle.  Further evidence for this scenario 

comes from Evanzia et al.  (in prep., June 2013), in which results of Vp and Vs 

tomography show an anomalous fast body dipping into the mantle in this region. Bird 

(1979) first described a process for continental delamination in which lower crust 

becomes unstable due to density contrasts and peels away. One mechanism for producing 

density contrasts is the transition of gabbro, a common constituent of the lower crust, to 

eclogite (Hacker, 1996).  After a thick layer of eclogite forms, the lower crust becomes 

negatively buoyant with respect to the surrounding material, whereupon it may detach 

and sink into the mantle (Lustrino, 2001; Lustrino, 2005).  

 In order for delamination to occur, however, certain temperature and pressure 

conditions must be met in the vicinity of the Moho.  Passive margins in which thermal 

boundary layers have been thinned, effectively lowering the background viscosity, and 

have experienced large strain rates from rifting and/or shorting (orogenic events) are 

likely locations for these conditions to develop (Jull and Kelemen, 2001).  The GCP and 

Texas has experienced two orogenic events: the Grenville orogeny 1231-1116 Ma 

(Walker, 1992) and the Ouachita orogeny in the late Paleozoic (Harry and Londono, 

2004).  The region has also experienced two different cycles of rifting.  The break up of 

Pangea in the Triassic (Harry and Londono, 2004) and the opening of the GOM sometime 

between 150 Ma (Bird et al., 2005) and 215 Ma (Huerta and Harry, 2012).  These rifting 

events would have caused the lithosphere to be stretched and thinned, which could have 

caused cracks and fractures to develop at the base of the crust.  This in turn would cause 

the pieces of the crust to become weak and increase the likelihood that part of the crust 
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would detach.  Secondly, in order for the crust to delaminate the crust must be denser 

then the underlying mantle.  Most gabbro rocks are transformed into a denser eclogite 

only at temperatures greater that 500C and pressures greater than 1.2 GPa (Hacker, 

1996), which correspond to depths well into the mantle. However, medium temperature 

eclogites have been found on the Llano uplift (Mosher, 1998; Mosher et al. 2008).  In 

addition Jull and Kelemen (2001) demonstrate that rocks composed of “arc gabbronorite” 

and ultramafic cumulate compositions can have densities greater than the underlying 

mantle at pressures between 0.8-1.5 GPa for a “hot” geotherm, at temperatures of 800C 

or less.  These conditions correspond to Moho depths of ~30-45 km, which is within the 

depth range of the base of the crust, as suggested by this and previous studies (e.g., 

Mickus et al., 2009, and references therein).  The temperatures required for such 

instability to be established restrict this process to arcs, volcanic rifted margins, and 

continental regions undergoing extension.  The region that is now the Texas Gulf Coastal 

Plain was clearly undergoing extension prior to the rifting episode that created the Gulf 

and there is evidence that the region is a volcanic rifted margin, as well (Mickus et al., 

2009).  

 Once delamination occurs, the surface above the detached crust would most likely 

be uplifted, since a relatively cold and dense portion of the crust is removed and replaced 

with hotter upwelling mantle (Bird, 1979).  While the rest of the GCP and Central Texas 

outside of the Llano uplift has not experienced a large amount of absolute uplift, it is 

possible that the tremendous sediment load (up to 16 km thick at the coast, the second-

thickest sequence of sediments on Earth, following the Bengal Fan) in the GOM basin 

suppresses potential uplift.   
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While this feature may be a fragment of the lower crust that has become detached, 

it might also be delaminated from the zone of “depleted mantle” between 45 km and 60 

km at the south end of the profile (Figure 3). If this depleted mantle represents a magma 

body that was present during GOM rifting, it may have been in place long enough to 

accumulate eclogite at its base. The iron in the crust responsible for the magnetic 

anomaly would have come from this body, but fractionation would also cause iron rich 

minerals such as olivine and eclogite to settle to its base. The base of this feature may be 

the delaminating body in question.  

 

5.3 The Lithosphere-Asthenosphere Boundary (LAB) or a Bounded Shear Zone 

 

  One of the most interesting features in the Sp CCP stacked image is the large 

amplitude negative-polarity discontinuity at ~110 km depth (Figure 3).  Negative polarity 

indicates a decrease in velocity with increasing depth and discontinuities of this type and 

depth have been interpreted elsewhere as the LAB, as well as for this region by Abt et al. 

(2010) and Kumar et al. (2012).  

There is a great deal of ambiguity associated with the nature of the LAB, and it 

has proven difficult to image in the past (Eaton et al. 2009; Rychert and Shearer, 2009).  

However, there are a number of mechanisms that have been proposed in which the LAB 

would produce a sufficiently sharp discontinuity that could be imaged seismically.  

Converted Sp phases are controlled by five main factors: the impedance contrast between 

layers, the velocity gradient over which the discontinuity occurs, the dominant period of 

the sampling waves, Vp/Vs  ratios of layers above the discontinuity, and the depth of the 

discontinuity (Rychert et al. 2007).  Therefore, one or more geologic conditions must 

exist at the LAB in order to affect the mechanisms that control Sp converted phases. 
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The LAB is often associated with a thermal boundary that divides the colder, 

more viscous lithosphere from the hotter, less viscous asthenosphere. However, Rychert 

et al. (2007) showed that a temperature gradient of 20°C/km would be required to 

produce a sharp discontinuity, while models from King and Ritsema (2000) and Cooper 

et al. (2004) show that the temperature gradient is less than 10°C/km across the LAB.  

Therefore, thermal variations alone could not be responsible for the discontinuity.   

However, the LAB could be a sharp discontinuity if the lithosphere is dehydrated 

and depleted relative to a more hydrated and fertile asthenosphere, as a result of melt 

extraction in the lithosphere (Hirth and Kohlstedt, 1996; Karato and Jung, 1998).  In a 

hydrated asthenosphere, water could weaken grain boundaries and allow grain boundary 

sliding, which causes anelastic relaxation that can lead to a velocity reduction of ~5% 

(Karato, 2012).   Rychert and Shearer (2009) estimate that a hydrated asthenosphere 

could create a velocity drop of approximately 4.5% across the LAB, while depletion of 

the lithosphere can account for a velocity reduction of up to 1.5% (Lee, 2003).  

 Mierdel et al. (2007) has suggested that an abrupt decrease in water solubility with 

depth could cause excess water in the asthenosphere to form a silicate melt at the LAB.  If 

the LAB is defined as a solidus that serves as a permeability boundary, partial melt might 

then produce a sharp velocity decrease (Fischer et al., 2010; Till et al., 2010).  However, 

the proposition that partial melt at the LAB causes an abrupt velocity decrease at a 

passive margin is controversial (Karato, 2012).  The degree to which partial melt 

influences shear wave velocity is strongly linked to the geometry of the melt (Hammond 

et al. 2000; Kawakatsu et al. 2009). Geometries that show a large decrease in velocity are 

problematic from a geodynamic point of view (Karato, 2012).  
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The LAB is often associated with a shear zone in which the underlying 

asthenosphere has greater mobility than the lithosphere due to partial melt accumulation.  

This in turn results in the creation of a large amount of seismic anisotropy near the LAB 

and an abrupt contrast across the boundary.  Yuan and Romanowicz (2010) have shown 

that changes in azimuthal anisotropy with depth are a likely mechanism for decreases in 

velocity seen at both mid-lithospheric discontinuities and the LAB in cratonic interiors.  

Refayee et al. (2013) and Comiskey et al. (2013) found large delay times in SKS splitting 

measurements in this area, which they interpreted through a depth analysis to be due to 

large amounts of seismic anisotropy in the asthenosphere.  The large amount of 

anisotropy found beneath passive margins such as the GCP may be due to asthenospheric 

flow around the keel of the craton (Fouch et al. 2000; Refayee et al., 2013; and Comiskey 

et al., 2013).  Independent evidence for a highly anisotropic asthenosphere in this region, 

along with the variations in amplitude across the LAB, suggests that an anisotropic shear 

zone contributes to the decrease in velocity for this region.   

A number of recent studies have found the LAB to be observable in the 80-120 

km depth range beneath oceanic, transitional and tectonically active regions. Hansen et al. 

(2013) identify the LAB beneath the Colorado Plateau by anomalous mid-lithospheric 

negative phases at ~100-120 km and deem it to be associated with the warm mantle root 

that supports the Rockies. They observed the High Plains LAB at ~180 km also as a 

negative pulse.  In some images these two different depths to the LAB were within 100-

200 km of each other, so the transition from a shallow LAB to a deeper one can occur 

over a fairly short distance.  Xu et al. (2011) found the LAB at a depth of between 80-130 

km, very close to the base of the crust, beneath the Tibetan Plateaus, a very different 
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terrane from our study region. They point out deeper negative phases, similar to those 

observed in our profile, and their image also shows semi-continuous positive phases at 

about 180-200 km, but the authors do not offer an interpretation of these features.  

Wölbern et al. (2012) imaged the lithosphere beneath the Albertine rift and Tanzania 

craton.  They found the LAB to be extremely variable in depth, with anomalous 

lithosphere that produces a second negative pulse as well as positive pulses. They showed 

that, in the presence of rifting, there could be multiple zones of partial melt that would 

produce these mid-lithospheric positive and negative pulses. . Wölbern et al. (2012) 

concluded that a fairly continuous horizon across the mantle beneath the Albertine rift 

and Tanzanian craton marked the boundary between normal unaltered lithosphere and an 

altered lithosphere.  

The mantle in the interval between ~100 km to ~200 km beneath most of the 

Pacific basin was found to be extremely anisotropic in a surface wave study (Fischer et 

al., 2010; Nettles and Dziewoński, 2008). Kawakatsu et al. (2009) found this sub-

lithospheric zone, which they refer to as “anomalous asthenosphere”, in a study that used 

Sp receiver functions to image the ~80-km-thick lithosphere in the western Pacific.  Their 

model includes a shear zone with partial melt in the 100-200 km interval that would 

produce anomalously low Sv velocities but near normal Sh velocities. Since the Sp 

receiver functions would be dependent on Sv velocities, this low velocity zone could 

result in a positive pulse at its base. 

The major rifting event that produced the GCP occurred 140 Mya but some 

workers (e.g., Pindell and Kennen, 2007, and Reed, 2001) suggest there may have been 

rifting in the central Gulf of Mexico in the late Cretaceous and early Cenozoic. Seismic 
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tomography (Evanzia et al., in prep., 2013) shows low velocities beneath the central 

Texas craton that may result from an eastward flow of hot mantle from the Rio Grande 

Rift. This may explain why our observations most closely match those of Wölbern et al. 

(2012) for the mantle beneath the Tanzanian craton and neighboring rift. The partial melt 

and warm mantle associated with recent rifting may produce anomalous lower lithosphere 

and or upper asthenosphere beneath our profile.   

Like Wölbern et al. (2012), we interpret a negative polarity discontinuity at ~110 

km to be associated with a velocity inversion in the upper mantle found in most Sp 

receiver function work, which may result from partial melt or shearing. There is a much 

weaker negative phase at ~145-160 km that can be attributed to mid-lithospheric layering. 

We describe the interval between these two negative pulses as anomalous lithosphere, 

similarly to Wölbern et al. (2012) for the Albertine rift and Tanzania craton.  However, 

the positive polarity phase at ~180 km depth implies a lower velocity above this 

boundary, which may be the result of partial melt or anisotropy caused by shearing.  This 

shearing may be similar to what is found by other studies in the anomalous asthenosphere 

in the 100-200 km interval beneath the Pacific Ocean (Fisher et al., 2010 and Kawakatsu 

et al., 2009).   

An alternate, with respect to being a remnant from rifting, explanation for the 

strong flow in the anomalous lithosphere/asthenosphere beneath the GCP could be that 

results from asthenospheric flow around the craton’s 200-km-thick lithosphere or “keel”.  

This mechanism would explain the large negative amplitudes seen across the LAB just 

south of the Balcones Fault System, at the very northern edge of the GCP.   
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6. Conclusions  

 

Seismic data capable of imaging deep crustal and upper mantle structure beneath 

the Gulf Coastal Plain (GCP) of Central Texas are limited in quantity and sparse in their 

coverage.  We therefore deployed a broadband seismic array across the GCP for 2.5 years 

in an effort to elucidate the structure beneath the region.  Sp receiver functions were 

computed with this array using teleseismic earthquakes and a common conversion point 

(CCP) stack was performed.   

An interpreted cross-section showing the deep crustal and mantle structure below 

the GCP is shown in Figure 5.  Analysis of S-to-P receiver functions from a transect 

crossing the GCP and ending at the Llano uplift in central Texas reveals several 

significant discontinuities.  Discontinuities with a positive polarity indicate an increase in 

velocity with depth.  We interpret the first discontinuity with a positive polarity, located 

at ~25 km in depth beneath the GCP and deepening to ~55 km beneath the Llano uplift, 

as the Moho.  We propose that the relatively short discontinuities located directly beneath 

the Moho at the southeastern corner of the transect mark a zone of depleted mantle that 

was produced as a result of magma generation during rifting.  The other positive polarity 

discontinuity found beneath the Moho may be due to detached lower crust that has sunk 

into the mantle.  Two separated rifting events on the GCP would have resulted in a large 

amount of strain to be built up in the lower crust, raising the likelihood that the lower 

crust would detach.  The apparent existence of delaminated lower crust in the mantle 

indirectly points to the existence of a thermal anomaly in the mantle beneath the rift, 

although its role in initiating the rifting episode that created the GOM is not constrained 

by this study.  Jull and Kelemen (2001) demonstrate that conditions required for the 
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lower crust to become denser than the surrounding mantle require a “hot” geotherm, 

which implies an “active” rifting process, rather than a rift that occurs over normal mantle 

and is due entirely to far-field forces.  Other evidence of an active rifting process in this 

area is given by Mickus et al. (2009) in which a magnetic anomaly was interpreted to be 

the result of a relatively large volume of basalt intruded into the lower crust beneath what 

is now the Texas coast, the source of which would be the aforementioned lens of depleted 

mantle directly beneath this magnetic anomaly.     

A negatively polarized phase is observed that extends from the coast to the Llano 

uplift at the northwest end of the transect and is located at ~110 km in depth.  The 

negative polarity of this discontinuity indicates a decrease in velocity with depth and 

discontinuities of this polarity and depth have been interpreted elsewhere, and in this 

region, as the lithosphere-asthenosphere boundary (LAB).  The LAB is often associated 

with a thermal boundary; however, the large amplitude of the “LAB” conversion 

indicates that the discontinuity marks a strong contrast with a steep velocity gradient.  

Therefore, this discontinuity cannot be attributed to thermal variations due to a normal 

geothermal gradient alone.   Numerous recent studies in different (more “active”) 

geologic terranes tend to find an LAB at 80-120 km in depth. Proximity to an anomalous 

heat source, such as rifting or a hot spot or shearing due to mantle flow, is a common 

element in many regions that are characterized by a particularly shallow LAB.  Given that 

the rifting that produced the GCP was ~140 mya we favor shearing and the transition 

from oceanic to continental lithosphere to be the source of the anomalous lithosphere in 

this region. 
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Several mechanisms have been proposed that would produce a sharp LAB, such 

as partial melt at the boundary and/or a hydrated and fertile asthenosphere relative to a 

depleted and dehydrated lithosphere.  However, the variations in amplitude along the 

“LAB” that can be seen in the Sp image (Figure 3) suggest that the decrease in velocity 

may mark the top of a shear zone, which results from an abrupt change in seismic 

anisotropy at the LAB.  This large contrast across the LAB may be the result of flow in 

the asthenosphere around the keel of the southern edge of the Laurentia craton, as 

proposed by Refayee et al. (2013) and Comiskey et al. (2013). 

We found a deeper negative pulse at ~150 km depth and a positive pulse at ~180-

200 km depth. The interval between these two phases would require a low velocity with a 

sharp enough boundary at the base to produce a strong Sp phase. Shearing associated 

with mantle flow could also produce lenses of partial melt, and could thus be the cause of 

this layer. In our model we consider the LAB to be the base of the stable lithosphere at 

~110 km and consider the interval from between 110 km and ~180 km to be transitional 

lithosphere and/or asthenosphere that has a layered character, possibly due to shearing.  
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FIGURE CAPTIONS 

 

 

Figure 1. Figure 1.  Tectonic map and X4 Array.  A map of the tectonic features of Texas 

responsible for the formation of the Gulf Coastal Plain and Central Texas.  The location 

of the X4 Array is marked by the red squares.  

 

Figure 2. Event locations. Map showing the location of the 39 earthquakes used to 

compute Sp receiver functions.  All earthquakes are located at a 60°-75° epicentral 

distance from the stations and are of magnitude five or greater. 

 

Figure 3. Sp CCP stack. a) The Sp CCP stack, the positive amplitudes reflect an increase 

in velocity with depth, while the negative amplitudes reflect a decrease in velocity with 

depth. b) The interpreted Sp CCP stack, positive arrivals are highlighted with black lines 

while the negatively polarized phases are highlighted with red lines.  Solid lines indicate 

strong arrivals in which we are confident in their observations, while dashed lines 

indicate weaker phases where we are less certain of their significance.  The solid line 

marked “M” is interpreted as the Moho, the increased width of this discontinuity at the 

NW end is due to a mid-crustal phase marked by the dashed line.  The discontinuities 

labeled “D” are interpreted as depleted mantle as a result of melt extraction during rifting.  

The upper discontinuity labeled “C” is interpreted as delaminated crust, while the lower 

two phases marked “C” are interpreted as artifacts.  The discontinuities labeled “LAB” 

and “A” and the interval between are interpreted to be transitional lithosphere and/or 

asthenosphere that has a layered character noted by the “ALAB” phase, possibly due to 

shearing. 

 

Figure 4.  SRF CCP Stack “hitcount” and stack error. a) The S-to-P receiver functions 

CCP slice “hitcount”, representing the ray coverage across the study area.  The low ray 

coverage in the southern part of the survey is due to defective instruments, which failed to 

record as many earthquakes as other stations. b) The SRF CCP stack error estimation 

obtained from bootstrapping methods.  The dominance of red colors indicates that errors 

associated with the SRF CCP stack are fairly small and uniform across the array.  

 

Figure 5. Interpreted cross-section.  An interpreted cross-section across the GCP obtained 

from the results of SRF and PRF analysis (not shown in this study)
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Figure 1. Tectonic map and X4 Array.  A map of the tectonic features of Texas 

responsible for the formation of the Gulf Coastal Plain and Central Texas.  The location 

of the X4 Array is marked by the red squares.  
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Figure 2. Event locations. Map showing the location of the 39 earthquakes used to 

compute Sp receiver functions.  All earthquakes are located at a 60°-75° epicentral 

distance from the stations and are of magnitude five or greater. 
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a) 

 
b) 

 
Figure 3. Sp CCP stack. a) The Sp CCP stack, the positive amplitudes reflect an increase 

in velocity with depth, while the negative amplitudes reflect a decrease in velocity with 

depth. b) The interpreted Sp CCP stack, positive arrivals are highlighted with black lines 

while the negatively polarized phases are highlighted with red lines.  Solid lines indicate 

strong arrivals in which we are confident in their observations, while dashed lines 

indicate weaker phases where we are less certain of their significance.  The solid line 

marked “M” is interpreted as the Moho, the increased width of this discontinuity at the 

NW end is due to a mid-crustal phase marked by the dashed line.  The discontinuities 

labeled “D” are interpreted as depleted mantle as a result of melt extraction during rifting.  

The upper discontinuity labeled “C” is interpreted as delaminated crust, while the lower 

two phases marked “C” are interpreted as artifacts.  The discontinuities labeled “LAB” 

and “A” and the interval between are interpreted to be transitional lithosphere and/or 

asthenosphere that has a layered character noted by the “ALAB” phase, possibly due to 

shearing. 
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a) 

 
b) 

 
Figure 4. SRF CCP stack “hitcount” and stack error. a) The S-to-P receiver functions 

CCP slice “hitcount”, representing the ray coverage across the study area.  The low ray 

coverage in the southern part of the survey is due to defective instruments, which failed to 

record as many earthquakes as other stations. b) The SRF CCP stack error estimation 

obtained from bootstrapping methods.  The dominance of red colors indicates that errors 

associated with the SRF CCP stack are fairly small and uniform across the array.  
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Figure 5. Interpreted cross-section.  An interpreted cross-section across the GCP obtained 

from the results of SRF analysis (this study) and PRF analysis (Knuppel et al., in prep., 

2013). 
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CHAPTER THREE 

 

Conclusions 

 

 

 The results of this study give us a better understanding of the deep subsurface 

geologic structure beneath the GCP of Central Texas.  This study along with other 

ongoing geophysical research in the region will help answer some of the unknown 

questions about tectonic process that led to the formation of the GCP.  It is my hope that 

this study will inspire new research in the area that may further our understanding of 

passive margins.  

 

 

 

 


