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Abstract 

 

Dynamics of the Eastern Edge of the Rio Grande Rift 

 

Yu Xia, M.S. Geo. Sci. 

The University of Texas at Austin, 2013 

 

Supervisor:  Stephen P Grand 

 

The Western U.S. has experienced widespread extension during the past 10’s of 

millions of years, largely within the Basin and Range and Rio Grande Rift provinces. 

Tomography results from previous studies revealed narrow fast seismic velocity 

anomalies in the mantle on either side of the Rio Grande Rift as well as at the western 

edge of the Colorado Plateau.  The fast mantle anomalies have been interpreted as down-

welling that is part of small scale mantle convection at the edge of extending provinces. It 

was also found that crust was thicker than average above the possible mantle down-

welling, indicating that mantle dynamics may influence crustal flow. We present results 

from P/S conversion receiver functions using SIEDCAR (Seismic Investigation of Edge 

Driven Convection Associated with the Rio Grande Rift) data to determine crustal and 

lithospheric structure beneath the east flank of the Rio Grande Rift.  Crustal and 

lithosphere thickness are estimated using P-to-S and S-to-P receiver functions 

respectively. Receiver function migration methods were applied to produce images of the 

crust and lithosphere. The results show variable crustal thickness through the region with 

an average thickness of 45 km. The crust achieves its maximum thickness of 60km at 
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105W longitude, between 33.5N and 32.2N latitude. This observation confirms previous 

receiver function results from Wilson, et al., 2005. Body wave tomography (Rocket, 

2011; Schmandt and Humphreys, 2010) using similar data to what we used for the 

receiver function analysis, shows mantle downwelling closely associated with the 

thickened crust. We believe that the thickened crust might be due to lower crustal flow 

associated with mantle downwelling or mantle delamination at the edge of the Rio 

Grande Rift. In this model the sinking mantle pulls the crust downward causing a 

pressure gradient within the crust thus causing the flow. Our S-P images show signal 

from the lithosphere-asthenosphere boundary (LAB) with an average LAB thickness of 

100 km but with a sharp transition at about 1050 W from 75 km to over 100 km. The 

region with abnormally thick crust overlies a region where the lithosphere appears to 

have a break. We interpret our results as showing that lower lithosphere has and is 

delaminating near the edge of the Great Plains accompanied by lower crustal flow in 

some places determined by lower crustal viscosity. 
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Chapter 1 Introduction 

At present, the southwestern United States is composed of several distinct tectonic 

blocks (Figure 1.1). The Great Plains have not undergone significant deformation since 

Precambrian time, and they form the western edge of the North American craton. The 

Colorado Plateau to the west has also been largely tectonically stable since Precambrian 

time but has an average elevation of about 1.8 km at present time (Morgan and 

Swanberg, 1985). Cretaceous marine sediments on top of the Plateau indicate the current 

elevation is relatively recent although the exact timing of the uplift is controversial 

(Sahagian et al., 2002; Pederson et al., 2002; Chase et al., 2002).  Surrounding the 

Colorado Plateau to the south and west lies the Basin and Range province, that has 

undergone episodes of extension and deformation since mid-Tertiary times. Between the 

Plateau and the Great Plains lies the Rio Grande rift, which extends from Colorado to 

Chihuahua, Mexico and the Big Bend region of Texas. Extension within the rift has 

occurred during two episodes. A first period of extension occurred from about 30 to 20 

Ma and a second period occurred beginning 10 Ma until about 3 Ma. Magmatism 

accompanied both periods of rapid extension while the time between rapid extension 

events was accompanied by a lull in magmatic activity [Morgan et al., 1986; Baldridge et 

al., 1991]. Currently the most active volcanism in the Rift has occurred along the Jemez 

lineament that trends along the western side of the rift (Baldridge et al., 1991) although 

there is minor magmatism along the eastern side of the Rift as well.  

Ten years ago, a 1D seismic line (La Ristra) was deployed across the Rio Grande 

Rift extending from west Texas to Utah. P and S wave travel time tomographic results 

from the Ristra seismic deployment show a fast seismic velocity anomaly beneath the 

eastern flank of the Rio Grande rift beneath southeastern New Mexico and West Texas 
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(Gao et al., 2004). They interpreted this velocity anomaly as mantle downwelling. Using 

receiver function analysis, Wilson et al. (2005) found thickened crust in the region nearly 

above the down-welling (Figure 2.1). These results suggest a possible connection 

between dynamic mantle down-welling and crustal and surface processes. However, the 

La Ristra seismic array was linear and thus produced only 2D tomographic models. The 

spatial extent of the mantle anomalies and crustal structure are unknown. A 3D image of 

crustal and mantle structure in the region is needed to fully understand the possible 

connection between the crust and mantle processes. 

To better constrain the structure of the continental crust and upper mantle beneath 

the Rio Grande rift and its edge, a 2D array of broadband seismographs was deployed on 

the eastern flank of the Rift for a period of 2 years from 2008 through 2010. The Seismic 

Investigation of Edge Driven Convection Associated with the Rio Grande Rift 

(SIEDCAR) project included a total of 71 broad band stations interspersed with 42 

transportable US-Array stations, with 18km average station spacing. The relatively small 

station spacing allows for high resolution images of the crust to be constructed through 

the region. 

Here we present the results from P -to-S and S-to-P conversion receiver function 

analysis of SIEDCAR data, that enables us to develop a three dimensional model for 

Moho depth  as well as the lithospheric thickness for the eastern flank of the Rio Grande 

Rift as well as the western side of the Great Plains. In combination with mantle 

tomography results by others using the same data, we address fundamental questions 

about the dynamics of the edge of a rift including surface and crustal processes associated 

with possible deeper mantle delamination.   
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Figure 1.1: The La Ristra seismic deployment (1999-2000). This seismic line extended 
from west Texas to southern Utah, with a station spacing of about 18km. 
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Figure 1.2:  Top: Moho depth variation and upper mantle structure along the La Ristra 
seismic line from Wilson et al. (2005); Bottom: Travel time tomography 
from Gao et al. (2004).  Thickened crust appears at about 105oW, which is 
nearly above the mantle downwelling observed in the tomography. 
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Chapter 2 Data and Methodology 

2.1 DATA 

 Teleseismic data from 106 broad band seismic stations were used to conduct this 

study.  Figure 2.1 shows the location of the broadband stations, red dots are the 71 

SIEDCAR stations and brown dots are 37 US array TA stations. The SIEDCAR portable 

deployment coincided with the TA station deployment from July 2008 to July 2010. Data 

from more than 500 teleseismic distance earthquakes were selected to create radial 

receiver functions (Figure 2.2). Individual P wave receiver functions were calculated 

using earthquakes with epicentral distances between 30 and 90 degree and magnitudes 

between 5.5 and 8. We computed S and SKS wave receiver functions using events 

between 55 and 850 and greater than 850 respectively. For S wave and SKS arrivals, the 

distance range is restricted to avoid interference with secondary arrivals (Wilson, et al., 

2006). After removing poor receiver functions, we ended up with a total of 2500 high 

quality P wave receiver functions and about 800 S receiver functions.  
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Figure 2.1: Regional topography of the southwestern United States, focused on the Rio 
Grande Rift. The SIEDCAR deployment is located on the east flank of the 
Rift. Red dots are SIEDCAR stations and brown dots are USArray 
Transportable Array (TA). The Ristra seismic line is indicated by the purple 
line on the map. Yellow dashed line indicates the boundary of Permian 
basin. 
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Figure 2.2: Distribution of teleseismic events used in receiver function processing. Most 
events used here are from Japan and South America. The star in the center 
of the map denotes the center of the SIEDCAR stations. 
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2.2 RECEIVER FUNCTIONS 

2.2.1 P wave receiver function  

The receiver function method is a well-developed technique used to study 

boundaries within Earth’s interior. The approach makes use of seismic waves converted 

at an internal discontinuity from P-to-S-type or S-to P-type to estimate the depth and 

position of the discontinuity underneath a seismic station.  When a seismic P wave hits a 

boundary that has a contrast in shear velocity across it, part of the P wave will convert to 

S wave. At a particular station, the recorded three component motions will record the 

incoming P wave as well as the later arriving S waves that were created at the subsurface 

boundaries. To isolate the converted S waves we must first rotate the data to radial, 

transverse and vertical components.  The deconvolution of the vertical component from 

the radial component should, to first order, result in a time series of pulses corresponding 

to the arrival of the converted S waves.  The deconvolution should remove the source 

time function of the P wave and the complications in the waveform from near source 

velocity structure. An idealized example of a receiver function for a model with a single 

layer at the crust mantle boundary is shown in Figure 2.3 (a). As shown in Figure 2.3 (b), 

pulses following the large direct P pulse are converted S waves. Note that following the 

first converted S arrival are two more arrivals that correspond to waves that bounced 

within the crust and are known as multiples. Care must be taken in examining receiver 

functions because multiples can be misidentified as converted waves from deeper 

discontinuities or in some cases mask such deeper waves. The depth of the discontinuity 

can be calculated using the time separation between the converted phase and direct P 

wave if the P and S velocity is known within the crustal layer (e.g. Figure 2.3 (c) ).            
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 The traditional method to compute receiver functions is based on water level 

spectral division, where deconvolution is performed in the frequency domain using the 

water-level method of Clayton and Wiggins (1976). The deconvolution is described by 
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Where ω is frequency, H(ω) is the Fourier transform of the receiver function; 

R(ω) is the radial component and Z(ω) is the vertical component of the data. G(ω) is a 

Gaussian filter to remove high frequency noise. The value of α is called the Gaussian 

filter-width parameter. The parameter c is called the water level parameter. Since small or 

zero values of Z(ω)Z*(ω) can cause instability in the calculation, if Z(ω)Z*(ω) is smaller 

than a fraction c of the maximum of Z(ω)Z*(ω) then the Z(ω)Z*(ω) is replaced by 

c*max{Z(ω)Z*(ω} (Ammon, 1991) .  

In this study, P wave receiver functions were first calculated following the 

conventional approach (Wilson, et al., 2005). Three component seismograms were 

rotated to the radial, vertical and transverse orientation and windowed to include 20 

seconds before and 120 seconds after the theoretical P wave arrival time.  It was found 

that a Gaussian factor (α) of 2.5 attenuates most of the high frequency noise, and we also 

noticed that the smallest water-level parameter (c) producing stable deconvolution is 

0.001.  A 0.03-2Hz band-pass filter was applied for the raw receiver functions.  Figure 

2.3 c) shows an example of a typical receiver function. Note that following the direct P 

wave a clear Ps converted wave is visible that we interpret as coming from the Moho.  
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Figure 2.3: Receiver function ray diagram. (a) Simplified ray diagram showing the major 
P-to-S converted waves for a simple model with one layer; (b) The 
theoretical receiver functions corresponding to the diagram at left. Except 
for the first arrival, upper case letters denote up going travel paths, lower 
case letters denote down going travel paths; (c) An example of a receiver 
function from station SC05. The horizontal axis is time in seconds and the 
vertical axis is normalized amplitude. Note the depth of the discontinuity 
can be calculated using the time separation between Ps and direct P wave 
once the P and S velocites within the crustal layer are known. 
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A second approach was also used to calculate P wave receiver functions based on 

least squares deconvolution (Hansen and Dueker, 2009). This technique exploits the 

minimum-phase (i.e. linear and time-invariant) nature of the direct component receiver 

function (Bostock, 2004; Baig et al., 2005; Mercier et al., 2006). An initial estimate of the 

source spectra is used to design an over determined inverse problem for the actual source 

spectra as well as the receiver function associated with a particular station, rayparameter 

and back azimuth. The result is a three component receiver function associated with each 

station binned by rayparameter and back azimuth. A comparison of receiver functions 

derived using the two methods is provided in Chapter 3.  

To illustrate the area sampled by the receiver functions, the location of the 

‘piercing points’ at 60 km depth for all our data are shown in Figure 2.4a. Piercing points 

indicate the location of the P to S conversions from a hypothetical boundary at 60 km 

depth using Snell’s law and a P and S velocity model for the velocity above 60 km.  A 

piercing point’s location depends on the incidence angle of the incoming wave which is a 

function of epicentral distance as well as the velocity structure along the raypath. For 

teleseismic distances and assuming the ak135 velocity model (Kennett and Engdahl, 

1995), the piercing points at 60km depth sample an area within 20-30 km horizontally 

from the station (Figure 2.4a).  The 2D network geometry and the small station spacing 

provides  good coverage of the region but even with the additional SIEDCAR stations not 

many regions are sampled by more than one station. We show an example of a profile of 

P receiver functions in Figure 2.4b from a single earthquake. Each trace in Figure 2.4b 

represents receiver function at a particular station. The direct P wave arrives at 

approximately 20 second, and a strong Ps converted phase arrives about 5 seconds later 

that we interpret as a converted wave from the Moho. 
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Figure 2.4: a) Pds ray piercing points at 60 km depth. Station locations are denoted by 
black crosses and individual piercing points are represented by red circles; 
b) Raw receiver functions from a single earthquake. Each trace represents 
one station and vertical axis is time in seconds. The direct P wave arrives at 
approximately 20 seconds; a strong converted wave arrives about 5 seconds 
later. 
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2.2.2  S wave receiver functions 

S wave receiver functions are similar to P wave receiver functions except that one 

uses S-to-P converted waves, which arrive before the main S wave. S receiver functions 

can be obtained by deconvolving the SV component from the P component (Sodoudi, et 

al., 2006). Applications of the SdP receiver function methodology have produced images 

of the Moho, LAB and other large upper mantle velocity discontinuities (Vinnik, 2000; 

Li et al., 2004; Kumar et al., 2005; Levander and Miller, 2012) (Figure 2.5c). One 

potential advantage of Sp receiver functions is that converted P-wave energy travels 

faster than the incoming S wave field. Thus, Sp receiver functions are relatively free of 

contaminating energy arising from first-order multiples, allowing upper mantle imaging 

with fewer artifacts.  Figure 2.5a shows the geometry of S wave converted waves for a 

two layer model. As with P wave receiver functions one can deconvolve the radial 

component from the vertical component to isolate converted P waves.  For a particular 

station, the converted Sp phase arrives earlier than the direct S phase.  Figure 2.5b show 

the S wave piercing points at 100km depth, which indicate good data coverage at that 

depth. For this part of the study, we selected earthquakes with magnitudes (Mw) larger 

than 5.5  

We apply the approach of Dueker and Hansen (2009) to calculate SdP receiver 

functions. As mentioned previously, S receiver functions have advantages such as 

avoiding higher order multiples in the images, however, there are still limitations for S 

wave receiver functions. For instance, in order to achieve the lowest noise levels, the 

epicentral distances of earthquakes should be between 55oand 85o in order to avoid 

contamination by SKS arrivals (Wilson, et al., 2006), therefore the number of 

earthquakes is more limited relative to P wave receiver functions. Also, S-wave receiver 

functions have lower frequency content with respect to P wave receiver functions 
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resulting in a lower resolution image. The difference in frequency content between P- and 

S-wave receiver functions is due to the greater attenuation of teleseismic S waves with 

respect to P waves (Hansen and Dueker, 2009). 
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Figure 2.5: S wave receiver function illustration (modified from Sodoudi (2006)). a) S 
wave receiver function raypaths; b) S wave piercing points at 100km depth; 
c) Velocity boundaries of the LAB and Moho, note the LAB has a negative 
velocity contrast across the boundary; d) The S wave receiver function for 
the velocity model sown in c). Notice that the wave converted at the LAB 
arrives earlier than the wave converted at the Moho, and they both arrive 
earlier than the direct S wave. 
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2.3 COMMON CONVERSION POINT STACKING APPROACH  

The common conversion point stacking method (CCP) technique uses the ideas of 

Common MidPoint (CMP) stacking and migration in reflection seismology but instead of 

dealing with reflected waves, it is applied to converted waves. First, time domain receiver 

functions are projected into the depth domain. It is assumed that every time point on the 

radial receiver function is produced by a primary P-to-S conversion at a certain depth 

along the theoretical raypath. The depth is determined by using the time delay of receiver 

function amplitudes with respect to the direct P and assuming a background velocity 

model. After the migration, the crustal volume is divided into bins of designated size and 

all amplitudes in the same bin are stacked to produce a structural image. The image 

delineates various interfaces within the crust as well as the Moho which is usually the 

largest discontinuity. 
Some of the energy in the radial receiver functions is produced by multiple P-to-S 

conversions (Figure 2.3b) which will be mapped to deeper locations by the migration. 

But multiples tend to be less coherent than the primary conversion because of their extra 

reflections at the surface and longer paths in the heterogeneous shallow crust. When 

stacking many receiver functions from different events and receivers, multiples and noise 

are suppressed and the primary conversions are enhanced. Therefore, a key to the success 

of CCP stacking is having an array of densely distributed stations and a good azimuthally 

distribution of earthquakes. Thus, the SIEDCAR station distribution and high data quality 

meet the requirements for successful CCP stacking.  

The H-K stacking method was applied before CCP stacking to estimate the local 

average crustal Vp/Vs ratio (k) and crustal thickness (H) beneath each station. H-K 
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domain stacking is a grid search technique to find the peak value of amplitudes of stacked 

receiver functions for a range of crustal thickness and Vp/Vs ratios (Zhu and Kanamori, 

2000). By assuming a starting average P wave velocity model, an estimation of the local 

average crustal Vp/Vs ratio (k) as well as crustal thickness (H) at each station can be 

obtained by stacking receiver function amplitudes at the predicted direct converted phase 

(Ps) times and reverberated phase (PpPs and PpSs + PsPs) times for different values of H 

and k (Zhu and Kanamori, 2000; Wilson, et al., 2005). The estimated crustal Vp/Vs ratios 

beneath the SIEDCAR stations range from 1.70 to 1.81. Errors can be estimated from the 

shape of the contour peak as shown in Figure 2.6. Since velocity estimation by this 

method assumes a locally flat, homogeneous velocity model (Wilson, et al., 2005), 

violating one or both of these assumptions can produce errors. An average Vp/Vs ratio of 

1.76 from this estimation was used to do the CCP stacking because of the small variation 

in observed Vp/Vs ratios across the array and the relatively large error associated with the 

estimates. As indicated by Zhu and Kanamori (2000), a 0.1 change in k leads to about a 

4km change in the crustal thickness.  

After computing both Ps and Sp receiver functions we performed CCP stacking. 

We used bins with 1km in the vertical dimension and 50 km in the horizontal directions 

for both P and S wave images. Band-pass filters from 0.1-1Hz and 0.05-0.5Hz are applied 

for the P and S wave receiver functions respectively. We use both a 1D ak135 velocity 

model and a 3D velocity model from surface wave tomography (Shen and  Ritzwoller, 

2013)  to do the CCP stacking. For the 3D surface wave velocity model, the upper mantle 
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P wave velocity model is estimated assuming an average crustal Vp/Vs ratio of 1.76 as 

we mentioned above.  

 

 

Figure 2.6: An example of an H/k stacking contour plot for station 125A. The best fit 
solution peak has a 0.06 error for 1.76 Vp/Vs ratio. Moho depth is estimated 
to be 47.76km with a 2.25km error. 
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Chapter 3 Results 

3.1 CRUSTAL THICKNESS AND STRUCTURE 

P-to-S receiver function CCP images are plotted to show the crustal structure in 

our study region. Contour lines in Figure 3.1 display the Moho thickness in the region. 

The thickness of the Moho is measured from the CCP profiles such as shown in Figure 

3.2. The contours are taken from 16 CCP stacking profiles although only three profiles 

are shown in Figure 3.2. Crust thicker than 54km is indicated by blue contours, and a 

60km  thick crust zone is shown by a pink contour along line a. We see this extremely 

thick crust correlates with a relatively low topography region, which is the opposite of 

what one would expect for Airy compensated isostasy. The red lines (a, b and c) in 

Figure3.1 show the locations of the cross sections shown in Figure3.2. A comparison of 

CCP images produced by the two deconvolution methods discussed in Chapter 2 is 

shown in Figure3.3. The two profiles are along line a in Figure 3.1.  Note that crustal 

thickness is consistent in these two images although the amplitudes differ.  

The most prominent horizon in the CCP image is the Moho. In Figure 3.2a, note 

the relatively deep crustal zone from -50 to 0 km where the apparent crustal thickness 

reaches 60 km. The profile shown in Figure 3.2b to the south of Figure 3.2a shows a thick 

crust south of the thick crust in Figure 3.2a but it is only about 54 km. Note in both 

figures the amplitude of the Moho signal is weaker where the crust is thicker.  Figure3.2c 

shows a section along the south of this study area. Station density along this profile is less 

but there is still an indication of thick crust (54 km) near -100 km with a very weak or 

even invisible Moho just to the east. Another feature in the CCP stack images is an 

apparent mid-crustal reflector on the eastern side of the profiles (50 to 150 km in 

Figure3.2b and from 0 to 100 km in Figure3.2c). This region is below the Delaware Basin 
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thus the reflector is likely due to a converted wave from the bottom of the basin. Note the 

strong blue arrival in this area. This may be due to multiples within the basin. 

 

 

 

Figure 3.1:  Moho depth contour plotted on top of a map showing crustal thickness. The 
thickness of the Moho is measured from CCP stack and is superimposed on 
the topography map. Extremely thick crust (60 km) is indicated by the pink 
contour between longitude 104°W and 105°W. Note that the thick crustal 
feature is beneath a region with relatively low topography. The 54-km- deep 
Moho feature at the southeast corner of the map, indicated by a blue contour 
line, corresponds to the Delaware Basin, so Moho thickness measurements 
there might be affected by basin multiples. 
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Figure 3.2:  CCP-stacked receiver function images along the three east-west profiles 
(labeled “a”, “b”, and “c”) shown in map view in Figure 3.1. Red and blue 
colors denote positive and negative stacking amplitudes, respectively, and 
the triangles at the top of each figure show the projected locations of seismic 
stations on the lines. We interpret the red lines between 40 km and 60 km to 
be the Moho. Moho depth appears highly variable along each profile. The 
mid-crustal red reflector on the eastern side of profile c corresponds to the 
Delaware Basin and likely marks the bottom of the basin. The middle points 
‘0’ on the x-axis correspond to line d in Figure3.1. 
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Figure 3.3: Comparison of CCP profiles produced by conventional deconvolution (e.g. 
Clayton and Wiggins 1976) and least squares deconvolution (Dueker and 
Hansen 2009).  a) is the result of conventional deconvolution and a’ shows 
the results from least squares deconvolution. The two slices are along the 
same profile a in Figure3.1. Note that the two methods give the same Moho 
depth although the amplitudes differ. 
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3.2 LITHOSPHERE AND ASTHENOSPHERE BOUNDARY 

The lithosphere asthenosphere boundary (LAB) marks the bottom of the elastic 

upper layer of the Earth above the low viscosity mantle beneath. It is thought that the 

transition results in a decrease in shear velocity across the boundary. The boundary may 

be gradational and thus difficult to observe seismically but in some regions S-to-P 

converted waves have been observed from what has been interpreted as the LAB (Vinnik 

and Farra, 2000; Li et al., 2004; Kumar et al., 2005; Levander and Miller., 2012).  In this 

study, using our dense high quality data, we compute S wave receiver functions in an 

attempt to image the LAB boundary. 

We computed S wave receiver functions and performed a CCP stack as was done 

for the P receiver functions. Figure3.4 shows profiles along the east-west lines shown in 

in Figure3.1. A clear blue line is seen near 100 km depth across most of the profiles that 

represents a boundary marked by a decrease in velocity with depth that we interpret as 

the LAB. Note that the LAB is thicker on the east side than the west. What is striking is 

that the change in thickness of the LAB appears to occur sharply, almost in step fashion. 

In Figure 3.4a, a sharp drop of 30 km or so in the LAB is observed at about -50 km, near 

the edge of the thickened crust seen in Figure 3.2a. The break in lithosphere thickness 

seems to be further west near -100 km (Figure3.4b, c) to the south, closely associated 

with where thicker crust is observed along these profiles in Figure 3.2. The break shows a 

change in LAB depth from about 75 km to a little over 100 km. Levander and Miller 

(2012) used S wave receiver functions to study the LAB across the western United States 

using transportable array data. They found the thinnest LAB at 60-70 km depth beneath 

the Basin and Range and thicker LAB to the east reaching about 100 km under the Great 

Plains. Thus the jump in LAB thickness we find over 50 km distance or so is close to the 

range observed for the entire western United States. 
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Figure 3.4: S receiver function CCP images along the profiles(a, b, c) shown in Figure 
3.1. Triangles on the top of each figure denote seismic stations. The blue 
line marked by a dashed yellow line near 100km depth is interpreted as the 
LAB. LAB displays a sliding trend from west to east, which means LAB is 
thicker beneath Great Plain. The middle points ‘0’ on the x-axis correspond 
to line d in Figure3.1. 
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3.3 CRUST, LAB AND TOMOGRAPHY 

In order to better understand the correlation between Moho structure, LAB depth 

and mantle structure, we show three profiles that show P and S tomography images, 

crustal thickness, LAB thickness and surface elevation together in Figure 3.5.  The three 

profiles are located at latitudes 33.5N, 32.7N and 32.0N, respectively. The tomography 

model is from Schmandt and Humphreys (2010). We plot P wave velocity perturbations 

in Figures 3.5a,c,e, and S wave perturbations in Figures 3.5b,d,f. The grey belts on top of 

all the sections denote the upper 60 kilometers which have no resolution in the 

tomography model. The red dashed lines represent Moho depths measured by Ps receiver 

functions and the white dashed lines indicate the LAB, which is the result of the Sp wave 

receiver function analysis shown earlier.   

Both P and S wave tomography images show elongated high velocity anomalies 

extending from near the surface to more than 300km depth and perhaps even to 500 km 

depth. The anomalies occur at the edge of a boundary between slow and fast shallow 

mantle that probably represents the edge of the Great Plains however the deeper 

elongated anomalies are clearly separate from the thick lithosphere of the Great Plains. 

These structures are different pieces of the same fast anomaly imaged by Gao et al. 

(2004) that they interpreted as a mantle downwelling perhaps due to edge convection.  

Song and Helmberger (2007) use a P and S waveform modeling approach to propose that 

such a slab-like structure represents a drip of deep continental lithosphere falling into the 

mantle (Song and Helmberger, 2007). The fast mantle anomalies are just to the east of the 

thickest crust and lie directly below a local topographic low. We also note that there is a 

good correlation between LAB depth and the shallow tomographic imaged velocities. We 

find a deeper LAB within the fast shallow mantle but shallower to the west in the slow 

velocity zone. Interestingly, we find the LAB discontinuity to be at about 100 km depth 
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which is close to the middle of the high velocity zone beneath the Great Plains. This may 

indicate a lack of depth resolution in the tomography or perhaps the S-to-P conversion 

boundary does not mark the base of the lithosphere but rather a mid-lithospheric 

boundary as has been suggested by Rychert and Shearer (2009). We find the correlation 

of such diverse features from the surface to the deeper mantle is unlikely to be a 

coincidence and they are likely related by a dynamic process occurring at the edge of an 

active rift. 
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Figure 3.5 



 28 

 

 

Figure 3.5: Topography, crustal thickness, LAB thickness and P and S body wave 
tomography plotted on cross sections along the lines shown in Figure 3.1. 
The tomography model is developed by Schmandt and Humphreys (2010). 
Figures a), c) and e) show P wave velocity perturbations and b), d) and f) 
show S wave perturbations. Figures (a and b), (c and d), (e and f) represent 
the three parallel profiles a,b,c in Figure 3.1, located at 33.5N, 32.7N and 
32.0N, respectively.  Blue colors represent high velocity and red color 
represents low velocity in the tomography. The grey belts on top all the 
sections denote the upper 60 kilometers, which are not resolved in the 
tomography model. The red dashed lines represent Moho depths and white 
dashed lines indicate the LAB. 

 

 

 

 



 29 

Chapter 4 Discussion and Conclusion 

4.1 INSTABILITY AT EDGE OF LITHOSPHERE 

The tomography results of Gao et al. (2004) and Schmandt and Humphreys 

(2010) show an elongated high velocity anomaly that extends to depths perhaps 

approaching 500 km just to the west of thick Great Plains lithosphere. We interpet this 

anomaly as sinking of cold lithosphere that is perhaps related to edge driven convection 

(Buck, 1986; Van Wijk et al., 2008).   The calculations of Van Wijk et al. (2008) show a 

relatively small temperature anomaly in the downwelling associated with a strong lateral 

gradient in the lithosphere. In their model the downwelling comes from only the deepest 

lithosphere of the Great Plains and had little to no effect on the overlying crust or surface 

topography. We feel the correlation of crustal thickness, LAB depth, and surface 

topography with the deep mantle tomographic anomaly is not fortuitous but rather is 

related to the mantle dynamics below. In more recent calculations, Van Wijk (2011) has 

run numerical calculations of “dripping lithosphere” which does result in a thickened 

crust above the drip as shown in Figure 4.1. In her model the downwelling is still largely 

composed of flow of the deepest lithosphere of the Great Plains and has a relatively small 

temperature anomaly. This model may be problematic in light of results from Song and 

Helmberger (2007) who claim the seismic properties of the fast anomaly observed by 

Gao et al. (2004) require a 120 km thick layer of depleted lithosphere that is sinking into 

the deep upper mantle. The thin lower lithosphere flow in the Van Wijk (2011) model is 

unlikely to result in such a thick, depleted anomaly. 

Salmon et al. (2011) reported an abrupt change in Moho depth associated with 

migrating subsidence and magmatism in the North Island of New Zealand. Stern et al. 

(2013) developed a numerical model attempting to fit these observations. The model 

begins with a sharp step in lithosphere that causes the thicker lithosphere to peel away 
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over time (Figure 4.2). As opposed to the Van Wijk (2008) model, almost the entire 

lithosphere is removed in the Stern et al. (2013) model. Lower crustal flow accompanies 

the peeling of the lithosphere resulting in very thick crust adjacent to the delaminating 

lithosphere (just to the right of the sinking lithosphere in Figure4.2). The downwelling is 

also accompanied by a migrating topographic depression above the peeling lithosphere. 

The model requires relatively low viscosities in the lower crust and lithosphere. Stern et 

al. (2013) suggests that the low viscosities in New Zealand are the result of hydration of 

the mantle lithosphere.  

Our observations of the eastern flank of the Rio Grande Rift share many 

similarities with the model predictions of Stern et al. (2013). Our S wave receiver 

functions show a sharp break in lithosphere thickness along east-west profiles (Figure 

3.5) that agrees with the strong, rapid gradient in seismic velocities in the upper 150 km 

seen in the tomography results (Figure 3.5). We also find zones of extremely thick crust 

just to the west of the mantle high velocities although they do not form a continuous 

north-south band as one would expect in a uniform model of a delaminating sheet. The 

Stern et al. (2013) model also predicts a migrating depression of the surface above the 

downwelling (Figure 4.2). We observe a depression of roughly 200 m relative to the 

longwavelength trend in topography above the fast mantle velocities, whereas the Stern et 

al. (2013) model predicts 600 m of downwarping.  Downwarping would be significantly 

greater with the addition of sediment. 

We suggest that our observations of the eastern edge of the Rio Grande Rift agree 

qualitatively with a process in which significant lithosphere is being removed from the 

adjacent, thciker Great Plains. In comparison with the model discussed above, less 

topographic signal is observed and the crustal thickening associated with the peeling edge 

is not continuous along a north-south line. The peeling lithosphere model requires a low 
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viscosity lithosphere (5*1020 Pas) and equally important, a very low viscosity lower crust 

(Stern et al., 2013). We also note that if the entire lithosphere were delaminating at the 

eastern edge of the Rift, and were replaced by asthenosphere, one would expect 

significant magmatism which is not observed. We propose that a process similar to that 

proposed by Stern et al. (2013) is occurring along the eastern edge of the Rio Grande 

Rift. The lower lithosphere, perhaps below 80 km, is progressively sinking into the 

mantle at the edge of the step in lithosphere imaged by tomography and S wave receiver 

functions. A cartoon of the model is given in Figure 4.3. In this model, the lithosphere 

step itself is the result of delamination of lithosphere to the west in the past that can be 

seen as the fast mantle anomaly that now at 500 km depth. The initiation of this process 

may have been due to the original extension in the Rio Grande Rift although it is unclear 

how a sharp gradient in lithosphere thickness could have started from gradual extension 

in the Rift zone. Lower crustal flow is limited by viscosity variations that could be due to 

a combination of compositional and temperature variations in the region resulting in 

thickening of the crust above the sinking lithosphere that is variable along a north-south 

strike. Crust to the west of the hinge line in the lithosphere is likely warm from the 

thinning or removal of lithosphere in the past and its replacement with upwelling 

asthenosphere. Crust to the east likely has a higher viscosity but will be warmed at the 

edge and may be compositionally heterogeneous allowing periodic delamination to occur. 

The crustal flow is due to transmitted shear stresses from the mantle as well as pressure 

gradients that result from topographic variations along an east-west trajectory.  

This process may have removed significant lithosphere to the west of 105o W in 

the past, resulting in the uplift of the Sacramento and Guadalupe mountains. Such recent 

uplift has been reported for the southern Cordillera by Heller et al. (2003). According to 

geodynamic models, the lithosphere must have relatively low viscosity to become 
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unstable and sink. In the Van Wijk et al. (2008) model, only the bottom few tens of 

kilometers of the lithosphere can be removed as only there is the viscosity low enough for 

flow to occur. In the Stern et al. (2013) model, the entire lithosphere peels off and sinks 

because its viscosity is low. It is thought that a flat slab, beneath the western United 

States, extended to near the eastern edge of the Rio Grande Rift and subsequently was 

removed. Dehydration of the slab may have hydrated the deeper lithosphere (Humphreys 

et al., 2003) which may have lowered its viscosity enough to allow partial delamination 

to occur. 
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Figure 4.1:  Numerical calculations by Van Wijk (2011) of dripping mantle lithosphere 
started by an initial lateral gradient in temperature with high temperature 
(thin lithosphere) on the left. In the stress figure (upper right), blue is 
compression and red is extension. The contours show, from the bottom, the 
lithosphere, Moho depth, and depth of the upper crust. The downwelling 
mantle pulls the surface downward and also generates lower crustal flow 
that thickens the crust.  The drip grows mainly by flow from the RGR area 
toward the east. Velocity_x shows horizontal component of velocity field, 
red colors are movement toward the right, dark blue toward the left, 
velocity_z shows the vertical component of the velocity field. Blue colors 
show downward movement. 
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Figure 4.2 
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Figure 4.2: Numerical simulation of lithosphere instability by Stern et al. (2013). The 
model starts with a step instability in which mantle lithosphere is abruptly 
removed at the right boundary of the computational domain. A: A 
downwelling develops rapidly as the mantle lithosphere stretches and sinks, 
due to gravity. Most of the mantle layer adjacent to the step is removed 
under a delamination-like process that migrates away from the original 
location of the step, progressively removing mantle lithosphere to be 
replaced by asthenosphere. Lower crustal deformation is generated 
simultaneously, and a transient crustal root develops near the hinge zone as 
lower crust is taken downward to lithospheric depths. B: the initial viscosity 
distribution. Note that the lower crust has the lowest viscosity with respect 
to other layers. The bottom figure, C, shows the relative surface elevation 
computed from vertical normal stress along the upper surface. The 
maximum elevation reaches about 900m depends on their computation. 
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4.2 CONCLUSION 
We have processed P- and S-wave receiver functions from teleseismic data 

recorded by the SIEDCAR broadband seismic array and used CCP stacking of the 

receiver functions to produce independent images of subsurface discontinuities beneath 

the eastern flank of the Rio Grande Rift. We found a sharp step in the LAB near 105°W 

and zones of extremely thick crust just to the east. We also noted depressed topography 

near (just to the east of) the thick crust. Our results agree with tomography images of the 

region that show a sharp change in mantle P and S velocity at lithospheric depths where 

we see a step in the LAB. Deeper mantle fast seismic anomalies are seen in the same 

region. We have interpreted all the observations with a model of lower lithospheric 

(below 80 km depth) delamination at the edge of the Rio Grande Rift. The offset of the 

mantle anomalies from the Great Plains craton and the fact that it is adjacent to rather 

than beneath the craton edge implies that the lithosphere is being removed or eroded from 

the craton edge and not from beneath the craton. The sinking mantle pulls the surface 

downward, causing a pressure gradient within the crust that causes lower crustal flow, 

thus creating thick crust above the downwellings.  

While our interpretation is qualitative, it ties many observations together. 

Numerical modeling of the process is required to see if the observations can be matched 

quantitatively. Our model also predicts a time-varying uplift and slight depression that is 

migrating eastward. It is critical to know the time history of topography in the region to 

check the model independently.  
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Figure 4.3: Dynamic model of the eastern Rio Grande Rift. Due to a step in lithosphere 
thickness, the deeper think eastern thick lithosphere is gravitational unstable 
and can founder.    The downwelling lithosphere pulls the surface downward 
and generates lower crustal flow causing zones of thickened crust. Extension 
occurs mainly in the upper crust, west of the drip.  
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Appendices 

APPENDIX A: P WAVE CCP STACKING CROSS SECTIONS 

 

Figure A1: P wave CCP stacking profile locations. Line 1 to 15 denotes the location of all 
horizontal sections from Figure A2 to A16. The number of top of each 
figure denotes the latitude of each profile. 
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Figure A2: P wave crust structure profile along latitude of 34.3 N (matching line 1 in 
Figure A1).  

 

Figure A3: P wave crust structure profile along latitude of 34.1 N (matching line2  in 
Figure A1).  
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Figure A4: P wave crust structure profile along latitude of 33.9 N (matching line 3 in 
Figure A1).  

 

Figure A5: P wave crust structure profile along latitude of 33.7 N (matching line 4  in 
Figure A1).  
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Figure A6: P wave crust structure profile along latitude of 33.5 N (matching line 5  in 
Figure A1).  

 

Figure A7: P wave crust structure profile along latitude of 33.3 N (matching line 6  in 
Figure A1).  
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Figure A8: P wave crust structure profile along latitude of 33.1 N (matching line 7 in 
Figure A1).  

 

Figure A9: P wave crust structure profile along latitude of 32.9 N (matching line 8 in 
Figure A1).  
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Figure A10: P wave crust structure profile along latitude of 32.7 N (matching line 9 in 
Figure A1).  

 

Figure A11: P wave crust structure profile along latitude of 32.5 N (matching line 10 in 
Figure A1).  
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Figure A12:  P wave crust structure profile along latitude of 32.3 N (matching line 11 in 
Figure A1).  

 

 

Figure A13: P wave crust structure profile along latitude of 32.1 N (matching line 12in 
Figure A1).  
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Figure A14: P wave crust structure profile along latitude of 31.9 N (matching line 13 in 
Figure A1).  

 

 

Figure A15: P wave crust structure profile along latitude of 31.7 N (matching line 14in 
Figure A1).  
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Figure A16: P wave crust structure profile along latitude of 31.5 N (matching line 15 in 
Figure A1).  
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APPENDIX B: S WAVE CCP STACKING CROSS SECTIONS 

 

 

Figure B1: S wave CCP stacking profile locations. Line1 to 15 denotes the location of all 
horizontal sections from Figure B2 to B16. The number on top of each 
figure denotes the latitude of each profile. 
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Figure B2: S wave profile along latitude of 34.3 N (matching line 1 in Figure B1).  

 

 

Figure B3: S wave profile along latitude of 34.1 N (matching line 2 in Figure B1).  
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Figure B4: S wave profile along latitude of 33.9 N (matching line 3 in Figure B1).  

 

 

 

Figure B5: S wave profile along latitude of 33.7 N (matching line 4 in Figure B1).  
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Figure B6: S wave profile along latitude of 33.5 N (matching line 5 in Figure B1).  

 

 

Figure B7: S wave profile along latitude of 33.3 N (matching line 6 in Figure B1).  
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Figure B8: S wave profile along latitude of 33.1N (matching line 7 in Figure B1).  

 

 

Figure B9:  S wave profile along latitude of 32.9 N (matching line 8 in Figure B1).  
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Figure B10: S wave profile along latitude of 32.7 N (matching line 9 in Figure B1).  

 

 

Figure B11: S wave profile along latitude of 32.5 N (matching line 10  in Figure B1).  
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Figure B12: S wave profile along latitude of 32.3 N (matching line 11 in Figure B1).  

 

 

Figure B13: S wave profile along latitude of 32.1 N (matching line 12 in Figure B1).  
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Figure B14:  S wave profile along latitude of 31.9 N (  matching line 13 in Figure B1).  

 

 

Figure B15:  S wave profile along latitude of 31.7 N  (matching line 14 in Figure B1).  
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Figure B16: S wave profile along latitude of 31.5 N (matching line 15 in Figure B1).  
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