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ABSTRACT

Continental rifts are defined as geological features where Earth’s lithosphere is pulled
away by surface expansion of the Earth. Their physiographic features include linear rift valleys
associated with active volcanism. Many rifts fail to split a continent and ancient rifts that failed
to split can be found by using seismic waves to image these ancient structures. Using seismic
data collected by EarthScope USArray stations in Texas, teleseismic receiver functions was
calculated and utilized surface wave dispersion curves to simultaneously invert for the 2D
velocity structure beneath each seismic station. EarthScope is a scientific program funded by
NSF that provides geophysical data from all around the United States to students and researcher
for free. The data for this research came from USArray, the network of 400 transportable seismic
stations now stationed in the central US states, including Texas. With the calculated receiver
functions, a map was produced to show preliminary 3-D crust/upper mantle boundary structure
and the velocity ratio of P and S waves. Based on this in formation, receiver function results
allow us locate and analyze ancient rift zones that exist in Texas that are characterized by a
shallow crust mantle boundary and high velocity ratio. Finally, with this information on ancient
rifts, comparison will be made between the result from this research and the Rio Grande Rift in
New Mexico. The goal for this comparison is to determine whether Rio Grande rift is still active

or doomed to be another failed rift.
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INTRODUCTION

A rift is a geological feature generated by the extension within a plate. If a rift continues
to expand, the rift zone becomes a continental or oceanic spreading center. However, not every
rift becomes a spreading center. Some rifts become “failed rifts” because they failed to
completely break up a plate during the rifting process.

Previous gravity and magnetic surveys have determined that Texas experienced
continental rifting and continental subduction/orogenies around 1000-1200Ma (Adams and
Keller 1993). In addition to these tectonic activities in the late Precambrian central and west
Texas, previous research has also shown that the Texas coastline forms the edge of a rift that
separated Yucatan peninsula from Texas during in the late Triassic (Mickus, 2009).

In order to understand the past volcanic and tectonic activities in these areas in more
detail, I performed a receiver function survey in the state of Texas using seismic data from the
EarthScope’s USArray, a network of 400 seismic stations that has been moved across the states
west to east between 2004 and 2019. By determining the Moho depth and P wave to S wave
seismic velocity ratio (Vp/Vs) from receiver functions, these results provide information on
crustal thickness and rock properties of the area. Knowing that rifting processes tend to produce
shallow crustal thicknesses, the Moho depth determined by the receiver function survey should
indicate the locations of buried rifts. High values of Vp/Vs indicate evidence for partial melting
(active rifting) and low values indicate cooler materials with no evidence of present day heating
(failed or no rifting). For my research, I created 3D maps based on these receiver function results
to analyze and verify past results of gravity and magnetic surveys that identified possible failed
rift zones in Texas. This study provides important new seismological constraints on crustal

structure in Texas since this is the first time a dense seismic network has operated in the state.



Moreover, the results will be compared with the more extensively studied Rio Grande rift to

determine whether this rift in West Texas/New Mexico is currently active or has failed.



TECTONIC SETTING

For the tectonic setting, I will be concentrating on the three major geological provinces
found in Texas that will be influencing my receiver function results (Moho thickness and
velocity ratio). Therefore, the contents in this part of my thesis will not cover all of tectonic
history of Texas.

The continental crust of much of Texas forms a part of the Southern Granite-Rhyolite
province that was generated approximately 1.37 GA like many areas of Southern Laurentia
(Anthony 2005). Following this event, the Grenville Orogen (approximately 1.1GA) formed the
Rodinia continent which covered most of modern day east coast and Gulf coast of the United
States. Subsurface and geophysical data show that segments of the Grenville deformation front
are found in the Llano uplift in Texas (Thomas 2006).

The Llano uplift was initially created by the collision of two continental plates.
Throughout the Grenville orogeny, parts of the Laurentian continent subducted beneath the
Southern continent beginning around 1150Ma (Mosher, Levine and Carlson, 2008). As the
Laurentian continent collided with the Southern continent, the collision caused jamming of the
subduction zone and formed uplifts near the surface. Due to continuing tectonic movement of the
Laurentian continent at its subduction zone, the subducting slab of the Laurentian continent was
detached from the rest of plate leaving the upper crust of the plate at the surface. This break off
in subduction caused upwelling of basaltic magma and melting of the lower crust of the Llano
uplift. Therefore, the area deviates from other regions that have experienced continental
extension, and the Llano uplift has a slightly thinner continental crust and evidence of magma

upwelling (figure 1) (Mosher, Levine and Carlson, 2008).



Following the Grenville orogeny, three major tectonic events occurred in Texas. These
events are responsible for the crustal differences between the interior and coastal Texas. First, a
rifting event in the Early Cambrian (~530Ma) split the Rodinia continent and formed the Iapetus
Ocean (Raye 2011). In Texas, this rifting occurred southeast of the Llano uplift almost parallel to
the current Texas Gulf coast. Because of this rifting event, the Grenville Orogen segment in
Texas was isolated from other segments of the Grenville Orogen in the eastern United States.
Throughout Paleozoic time, a passive continental margin existed between Laurentia and the
Iapetus Ocean (Thomas 2006).

A second tectonic event occurred during Pennsylvanian time (~350Ma). During the
formation of Pangea, plate collision between the Laurentia and Gondwana continents closed the
Iapetus Ocean and formed the Ouachita orogeny (Raye 2011).

The third tectonic event affecting Texas was a rifting event that occurred in the interior of
Pangea. The Texas-Gulf of Mexico coastline experienced continental extension after the
formation of the Eagle Mills rift basin in Southern Arkansas, and large uplift events occurred in
central Texas in late Triassic that caused separation of Texas from the Yucatan peninsula
(Mickus, 2009). This continental extension led to ocean floor spreading in late Jurassic (160-
145Ma) and formed the Gulf of Mexico. Similar to the Iapetus Ocean opening, the opening of
Gulf of Mexico again created passive continental margins along southeastern Texas (Raye 2011).

The major geological provinces in Texas are shown in Figure 2. As described above, the
Texas interior is composed of Mesoproterozoic craton formed in 1.3 Ga. The areas near the Gulf
coast are composed of transitional crust. Between transitional crust and the Mesoproterozoic
craton, the Ouachita Orogen exists as the result of continent collision in Pennsylvanian time.

The Gulf of Mexico is composed of Jurassic age oceanic lithosphere related to the ocean floor



spreading in the late Jurassic. Therefore the ages of crusts become younger from northwestern
Texas to Southeastern Texas or the Gulf of Mexico (Raye 2011).

In past studies, both seismic and non-seismic data were used to investigate the gradual
change of crust from Mesoproterozoic continental to Jurassic oceanic crust in Texas. Magnetic
and gravity surveys performed near the Texas coastline show anomaly amplitudes and widths
similar to other volcanic rift margins like Namibia (Corner, 2002). Based on a model constructed
with various geophysical data including seismic reflection and refraction data, Mickus (2009)
concluded that high density and magnetic susceptibility values in southeast Texas resemble a
volcanic rifted margin showing a transition from continental lithosphere to Jurassic oceanic
lithosphere. A cross section map constructed by Mickus that extends between Llano, Texas and
the Gulf of Mexico shows the Moho depth decreases significantly from northwest to southeast

direction (Figure 3)



A pre-1150 Ma Coal Creek

Valley Spring  Packsaddle Southern
IS Contipent

Laurentia

B -1150-1120 Ma

D -1120-1070 Ma

Figure 1: Evolution of Llano uplift from Mosher, Levine and Carlson (2008): This figure illustrates the
development of the Grenville orogeny along southern margin of Laurentia. Although the Llano region did not
form rifts, because of the detachment of the subducting slab around 1120-1070Ma, the crustal thickness of the
Llano uplift is assumed to be thinner than surrounding areas.
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Figure 2: Map of Texas with major geological provinces: The pink area represents Mesoproterozoic craton
which lies beneath much of interior Texas The yellow area is transitional crust that formed after continent
collision in Pennsylvanian time. The blue Jurassic oceanic lithosphere is generated as an outcome of ocean
floor spreading that formed the Gulf of Mexico. A cross section along the red line on this map is illustrated in
figure 3. The South Oklahoma Aulacogen splits the Mesoproterozoic craton near the boundary between
Oklahoma and Texas. This Aulacogen belt contains dense mafic materials that may affect seismic velocity
ratios (Raye 2011).
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Figure 3: Cross section across the Texas coastal line from Mickus(2009) based on gravity, magnetic, seismic
refraction and reflection data. Cross section is taking along the red line shown in Figure 2. The
Mesoproterozoic craton (shown in dot pattern) has thickness of over 40km and the crust thins toward the
Gulf of Mexico. Numbers in parentheses are magnetic susceptibility (emu) and density (gm/cmA3) of each
body.



DATA

EarthScope is a program funded by the National Science Foundation that provides
students and researchers geophysical data from regions across the United States. EarthScope
consists of deployment of three different types of instrumentation: seismometers, GPS and
strainmeters. The USArray is a seismic network consisting of thousands of seismograph stations
deployed across the United States. By gathering seismic data from different part of the United
States, USArray provides new information to aid regional geophysical studies. In addition to
USArray, thousand of GPS instruments have been placed near the North American/Pacific plate
boundaries to study plate boundary dynamics, active tectonics and seismic and magmatic
processes. There are also 87 strainmeters installed in the United States that monitor strain
changes in boreholes and detect very small changes in borehole shape. These three large-scale
datasets help us understand Earth structure, evolution of the North American continent and the
causes of earthquakes and volcanic eruptions in the United States in great detail.

For this research, I am using the USarray seismic network which consists of three types
of seismic stations: Flexible Array, Transportable Array and Reference Network. The
Transportable Array is a network of 400 high quality three-component seismographs with 70km
station spacing. Unlike other types of stations, the Transportable Array moves station locations
eastward every 2 years. In Texas, parts of the Transportable Array were deployed to western
Texas in 2008. Between 2009 and 2010, these Transportable Array receivers in western Texas
were moved to central and eastern Texas (Figure 3). The Reference Network consists of
permanent stations that are separated by 300km spacing across the United States. Because they

are permanent stations, they store more events information compared to the Transportable Array.



In Texas, there are 10 Reference Network stations and I collected data from 8 stations that are
located in central and eastern Texas.

I requested seismogram data from the Incorporated Research Institutes for Seismology
(IRIS) Data Management Center (DMC) for teleseismic events occurring from January of 2008
to September of 2011 for Transportable Array stations and January 2007 to September 2011 for
Reference Network stations. Teleseismic events are earthquakes that occurred at distances of 30
to 90 degrees away from a receiver. The reason for using these specific types of seismic events
will be explained in the section on receiver functions. These data are requested through a
computer program called Standing Order of Data (SOD). When requesting data through SOD,
various information has to be specified to obtain seismic data from desired locations with a
desired magnitude range. SOD kml codes take maximum/minimum latitudes and longitudes of
target areas and extract data from receiver stations that exist within these ranges. In order to
reduce amounts of unnecessary data, such as data from Mexico and neighboring states, I
collected seismic data from Texas by splitting Texas into 3 areas, west, central and east Texas
(figure 4). I requested seismic data for events larger than magnitude 5.5. Due to the teleseismic
distance between the source and receivers, magnitudes have to be large enough so that seismic
signals received at Texas show strong arrivals and are distinguishable from background noise.

Finally, when requesting data through SOD, I needed to set up a network code and
catalog. The network code sets up types of networks used to collect seismic data. In this research
the TA network code was used for the Transportable Array stations and the TA, US and IU
network codes were used for the Reference Network stations. The catalog is a seismic events
database. There are eleven different catalogs and each of them stores data in different formats.

In this research I used the PREFFERED catalog and SPYDER catalog. The PREFFERED or

10



PREEF catalog has the most accurate data compared to other catalogs according to IRIS Data
Management Center (DMC). SPYDER is the IRIS DMC’S near-real-time data retrieval system
that holds the newest seismic data from USArray stations. Although the SPYDER catalog
provides data immediately after an event, the data in SPYDER is not quality controlled. To
gather seismic data for this research, the PREF catalog was used to collect data from 2007 to

2010 and the SPYDER catalog was used to obtain seismic data from 2011 (IRIS, 2011).

106°'W  104°'W  102°W  100°W 98°'W 96°W 94°W
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Figure 4: Seismic data collecting method: Seismic data from the Texas Transportable Array and Reference
Network stations were collected by selecting 3 rectangular target areas; west Texas (minimum longitude and
latitude: -106, 28.95 maximum: -103.065, 32), central Texas (min: -103.06, 28 max: -100, 36.5) and east Texas
(min: -100, 26.4 max: -93.8, 34.585). This method minimizes the number of seismic data collected from
outside of Texas and reduced the time for collecting seismic data.
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Figure 5: Location of USArray in May 2010: Blue dots are Reference Network stations and red dots are
Transportable Array stations. In this thesis I concentrated on Transportable Array and Reference Network

stations in Texas.
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Figure 6: Location of USArray in November 2011: Blue dots are reference network stations and red dots are
transportable array stations. Most of the receiver stations in central Texas stopped recording data and moved

to different locations in the time period between 2010 and 2011.
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METHODS
Receiver Functions
When seismic waves are detected through a three-component seismograph, the wave data

obtained from each component can be described as following:

Dy, (1) =1()*S(t) = E, (1) ey
Dy (1) = 1(2) = S(2) * E (1) 2)
Dy (1) = I(t) = S(2) = E. (1) 3)

where D, ,D,,D, are time domain functions for the data recorded into the three different
seismogram components, vertical, radial and tangential. / is the impulse response from the
instrument, S is the source function and E is the impulse response from local Earth structure. The
three functions /, S and E are convolved to form the seismogram, D.

Assuming that the E, (t) function from equation (1) is a Dirac delta function, equation (1)

can be written as:

Dv(t) =I(Z)*S(t) (4)

Using this assumption, deconvolution of Fourier transform of horizontal seismograms (radial and
tangential) data by the vertical seismogram data gives the receiver function in frequency domain
(equation (5)).

Dy (0)D, (»)

Eq(w) = D, (@)D, (@) (w) (5)

13



In equation (5), D, (w) represents the complex conjugate of the Fourier transform of the
vertical seismogram data D, (w) and G(w) is a low-pass Gaussian filter applied to the receiver

function to filter out high frequency noise where

G(w) = e*’ (6)

In the equation (6), a represents the Gaussian filter width parameter. The parameter
dictates the boundary of the filtered frequency. In general, the filter gain for the Gaussian filter is
0.1 at w = a/2. This means that the amplitude in the frequency domain is less than 10% of pre-
filtered state if the frequency is higher than a/2. Because the Gaussian filter width parameter of
2.5 is widely used in receiver-function analyses, I used 2.5 for the parameter value in this
research (Langston, 1977; Owens, 1984; Ligorria and Ammon, 1999).

In addition to applying a Gaussian filter, I calculated a fit between my receiver function
results and results generated by receiver function iterative deconvolution method. The receiver
function iterative deconvolution method uses a least squares minimization of the difference
between the observed radial seismogram (equation 2) and signal estimated by convoluting
vertical seismogram (equation 4) with an iteratively updated spike train. An initial estimate for
this spike train is calculated by cross-correlation of the vertical and radial seismograms. The
initial spike train convolutes with the vertical seismogram to find a misfit between the radial
seismogram. Once this misfit becomes insignificantly small after many iterations, iteration stops
and the resulting updated spike train obtained from this method becomes a receiver function
result. I compared two deconvolution method results for the same event data in every station. If
the fit is less than 80%, the receiver function is considered poor and will not be used to perform
later steps. This criterion removes poor data that may introduce errors in my final results

(Ligorria and Ammon, 1999).
14



After these data filtering and selection steps, the receiver function E,(w) is transformed
into a time domain receiver function E(#) using an inverse Fourier transform. E(#) contains
information on the local earth structure including timing and amplitude of seismic waves
propagating through the structure beneath the receiver (Ammon, 2006) .

The radial receiver function is mainly used with teleseismic waves to determine the depth
to the Moho layer below seismic stations. At teleseismic distances P waves approach seismic
stations at a near vertical angle (Figure 7). When the waves reach the Moho, the boundary
between the crust and upper mantle, the large velocity contrast causes some of the seismic P
wave energy to convert to SV (or vertical S) wave energy. When this wave train approaches
seismic stations, the approaching S converted P wave is called P. Since direct P and Pgwaves
travel in the crust at different velocities, the receiver function can give us information on the
difference in arrival times for P and Py. Using this time difference, the body wave velocities, ray

parameter, and thickness of the crust can be calculated with equation (7).

H = : (7

Where ! p, 1s the arrival time difference between P and Py, V; and V,are S and P wave

velocities, O represents ray parameter of incident wave, and H is the thickness in km (Zhu and
Kanamori, 2000).

In the equation (7), the thickness is highly dependent on the velocity ratio V, /Vor K.
Therefore, to have an accurate thickness, the velocity ratio has to be very accurately determined.

To better approximate Kk, different seismic wave arrival times are used. After the Pywave arrival,

15



there are teleseismic waves that reach the seismic station by making multiple reflections between
the surface and the Moho. These waves are termed P, P, P,S; and P,Pg(Figure 4). Applying
the arrival time difference between the direct P wave and these waves to equation (7) will narrow

possible ranges of k values and better determine the thickness value (Zhu and Kanamori, 2000).

Surface

Station

h 4

Moho layer

upper Mantle

Figure 7: Types of teleseismic waves: The teleseismic P wave interacts with the crust/mantle boundary
(Moho) to form different types of seismic waves. In this figure, P waves (black lines) and S waves (yellow
lines) travel from the left to the right toward the receiver station (triangle). These waves convert from P to S
or S to P when they reach the surface or the Moho (Zhu and Kanamori, 2000).
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Stacking

With ideal receiver function data, the above method can give us enough information to
find the depth and k. However, with real receiver function data, noise will cause miscalculations.
Therefore, the deconvolution process works best when the signal to noise ratio of the data is
high. This means that receiver function approach gives us better results with data from large
seismic events and data with less noise (Ligorria and Ammon, 1999).

To improve receiver function results, Zhu and Kanamori (2000) created stacking methods

that allow us to stack multiple earthquake data at a station. The stacking equation is:
In (8), function r(t) represents the radial receiver function at the arrival time of three different

waves (P, P, P and P,S+ PgPg), and the w are weighting factors where Ewi =1.Inmy

research I used a factor ratio of 0.3+0.5+0.2, 0.4+0.3+0.3 and 0.5+0.4+0.1. S is a function of the
Moho depth and x and the sum of this function S for every earthquake can be plotted into 3D
plot (Figure 8). This plot shows the variation of receiver functions and indicates the most
probable H and K at Maximum S(H, X) . For this method, increasing the number of receiver
function data for a station provides better and more stable H and K values. However, at the same
time, if there is any receiver function data that are corrupted, the corrupted data produce errors to
the maximum S(H,K) value. In order to mitigate errors to my results, these erroneous data must

be removed manually from the stacked results (Zhu and Kanamori, 2000).
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Figure 8: Illustration of how equation 6 can be plotted in 3D. The X axis represents Moho depth, Y axis
represents velocity ratio, K and color (Z axis) on (a) represents S(H, K). S(H, K) reaches a maximum at the
point where the slopes of different body waves intersect (b). By stacking multiple events, the maximum of
S(H, K) indicates the most likely values of H and K (Zhu, and Kanamori 2000).
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Kriging

Once receiver functions are calculated, 3D maps are generated based on locations of
receiver stations (longitudes and latitudes) and receiver function values (Vp/Vs and H).
However, since the receiver function only calculates values at receiver stations, there are no
receiver function values in areas between receiver stations. In order to determine receiver
function values at unobserved areas, I am applying a spatial interpolation method called Kriging.

Kriging assumes that the spatial variation of data (in my case, the velocity ratio and crust
thickness) is neither random nor deterministic. Rather it assumes that the variation is composed
of 3 different components. The first component is the variation caused by regionalized / spatial
influence. The second component examines the variation caused by structure and the third
component represents variation caused by random errors (Chang 2008). In my project, I used one
type of kriging called Ordinary Kriging. This Kriging only examines the first component, the

specially correlated component, to fill in unknown data values at unobserved locations.

Variograms And Semivariance
Kriging is an application of geostatistics. Based on the statistics of data with spatial
information, it generates data for area with no data. Therefore, to apply kriging to our data, I
need to statistically analyze my data values (Vp/Vs and H) with variograms (Trauth 2007).
The term “semivariance” is used to express the spatial dependence of data. This

semivariance is computed by using equation (9)

I(h) = %[Z(x,-) - Z(X,-+h)]2 9)
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In this equation, I" represents the semivariance between two points X, and x,,, that are separated
by the distance of H. z represents the data values at these two points. By continuously calculating
semivariance for 2 different points in my dataset, I create a variogram cloud. A variogram cloud
plots I" against the distance between two data points (lag size) and shows the range of
semivariance values at different distances (Chang 2008).

The variogram cloud is an important for analyze the spatial dependency of the data.
However, it is hard to make use of a variogram cloud with many semivariance data points at
different distances. To solve this problem, I applied a process called binning. The process of
binning reorganizes variogram points by distances and directions. It then computes average
semivariance by different distances. In a binning process, lag sizes are separated into groups
called lag classes. So for instance, in my process of reorganization, any pair of data points within
a lag size of less than 2000 meters belongs to the lag class of 0-2000 and lag size between 2000
and 4000 meters are separated into a different lag class of 2000-4000. Moreover, the binning also
groups pairs of data points by direction. After distributing pairs of data points by distance and
direction, binning calculates the average semivariance for semivariance values at the same lag

size (Chang 2008).
1 n 5
T(h) = 2= la(x) = 2(x;.,)] (10)

Equation (10) is used to compute the average semivariance. I" as a function of H is the average
semicariance, n is the number of pairs of data points (X, and x,,,) found in the same lag size (H)

and z is the data value at x, and x,,, locations.

i+h
After applying the binning process to my data, the new variogram plot shows the average

semivariances at certain range of lag size (lag group). The new plot helps me create a
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semivariance model for the kriging process. If sufficient amount of data are available, the plot

also allows me to compare semivariances values averaged over different directions.

Models For Kriging

Once an average semivariogram is computed, a mathematical model that fits with the
average semivariogram replaces the average semivariogram values since the ordinary kriging
method requires semivariance values between a known point and an estimated (unobserved)
point. Since my average semivariogram only contains semivariance values at the distance
between 2 known points, it is discrete. In order to find the semivariance between known and
estimated points, I need to construct a continuous plot that contains semivariance values at every

distance (Trauth, 2007).

Ordinary Kriging
The ordinary kriging method was used to estimate the velocity ratio and crustal thickness

of an unobserved point. The equation for these estimated values is:
N
Zy= YW Z, (1)
i
where ZO is the estimated value at a location where there is no seismograph station, NN is the

number of sample points used in the estimation, Z is the known value at point i and W is the

weight associated with point i (equation 12).

EW,. =1 (12)

Therefore, the estimated value can be calculated only if the weights for data points are known.

The values for weights are calculated using following equation.
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S
}/(xi,xo)=EWj}/(x[,xj)+)u (13)

j=l1

where )/(X ; ,XO) is the semivariance between the data point i and unobserved point, )/(x ;X j)
is the semivariance between 2 known data points i and j, S is the number of sampling points and
A is a Lagrange multiplier added to ensure the minimum estimation error. Since values for

)/(X i,xo) and )/(X X j) are known from the model, use of equations 12 and 13 makes an

overdertermined system where the weighting factors are the only unknowns.
For example, assuming there are 3 sampling points, equations that are used to solve
weights are:
Wiy (x,x) + Woy(x,x,) + Way(x,,x3) + A = y(x,,x,)
Wiy (x,,x) + Woy(x,,x,) + Way(x,,x5) + A = y(x,,%,)
Wiy(xs,x) + Woy(x;,x,) + Way(xg,x5) + A = y(x;,x,)
Wi+W,+W,+0=1

Once weights are calculated by solving an overdetermined system, the estimated value for the

unobserved point, 20, can be calculated using equation 10(Trauth 2007; Chang 2008).
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RESULTS

Before generating receiver function results, we checked numbers and locations of
receiver stations with event data in Texas. Figure 9 shows stations with event data in red. With
this map, there are several areas with no data. The reason why there are no data in some regions
is because SOD does not process event data for stations that do not have correct azimuth for
North and East. When station collects seismic data from a 3-component seismogram, horizontal
seismograms are set in 2 directions North-South and East-West. The SOD program does not
process events data from stations if these horizontal seismograms are not placed correctly.

In order to gain data from these unprocessed stations with SOD, we adjusted header files
of stations and corrected azimuth. The figure 10 shows the stations with event data after I made
this adjustment. With this adjustments, numbers of event data increased from 0 to 10~20 event

data.
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Figure 9: Locations of receiver stations in Texas before azimuth adjustment
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Figure 10: Locations of receiver stations in Texas after azimuth adjustment
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Initial receiver function results were calculated using 4-3-3 weighting for stacking and an
exponential model for kriging (figure 11 and 12). For crustal thickness, the 3D plot shows a
thicker crust in central and Northwestern Texas compare to the coastal region in east Texas.
However there is a region in central Texas where thickness is lower than 35km. Our seismic
velocity results shows unusually small ratio values for the area where crustal thickness is shallow
(around 35km). Only exception for this observation is Permian basin area in west Texas. In this
area, the thickness range from 37.5 to 45km and the velocity ratio ranging from 1.6 to 1.7.

To verify the rationalities of these receiver function stacking results, I generated a GMT
map of Texas showing numbers of event data that were used to create receiver function stacking
results (Figure 13). The figure 13 tells us that there are significantly small amount of data used
to perform receiver function stacking for eastern Texas. Because deployments of USArray
stations in east Texas started late 2010, stations in east Texas have less event data to calculate
receiver function than rests of USArray stations in Texas. The receiver function results generated
from few event data are less credible than one with more data. Since the stacking method works
better when various event data are overlaid on a stacking window, receiver function results from
stations with small amount of data may produce wrong crustal thickness and seismic velocity
ratio values (figure 14). Thus, for our receiver function results I do not have enough data to

compute correct receiver function results for east Texas.
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Figure 11: Initial receiver function result for crustal thickness in Texas
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Figure 12: Initial receiver function result for velocity ratio in Texas
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Figure 13: 3D plots of the number of event data used in receiver stations in Texas: due to the deployment

dates for coastal region seismic stations, I did not have enough data to obtain receiver function stacking

results for East Texas. However I was able to get good amount of data for central and west Texas,
particularly for the Reference Network stations.
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Figure 14: Results of stacking method: the stacking result from station MSTX (above) and 733A (bottom).
The result from MSTX shows an ideal result of the stacking method at reasonable depth and velocity ratio.
The result from station 733A did not stack well and shows S (H, ) at the minimum boundary. This means
that at 733A, there are data that are possibly corrupted or the station had small amount of event data used
for the stacking method. With MSTX, I had 81 event data and with 733A I only had 6 event data available to
perform stacking.
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DISCUSSIONS

The receiver function results from Rio Grande rift in East New Mexico and West Texas
are shown on Figure 15 and 16. In Figure 15, the Rio Grande rift is characterized by thin crustal
thickness zone (30-35km) surrounded by thicker mountain ranges (37-42km) in New Mexico.
Based on this observation, location of Rio Grande rift is estimated (Figure 15).

Unlike crustal thickness, the velocity ratio of Rio Grande rift (Figure 16) does not show
velocity ratio values that characterize rift system. Since high velocity ratio means slower shear
wave velocity and shear waves travel slower in molten structure, the high velocity ratio value
usually indicates the existence of heat source under receiver station. Although velocity ratio
value in New Mexico and west Texas on Figure 16 shows wide variety in the range, rift zone
estimated by crustal thickness has velocity ratio value of 1.7-1.8, a typical velocity ratio value for
crusts (Thompson 2011).

Sosa A., 2011, generated a cross section map for this area using joint inversion method
between receiver function from Thompson and surface wave data (figure 17). The line of cross
section overlaps the boundary between Texas and New Mexico where large velocity ratio change
was observed in receiver function results (Figure 16). According to his figure, area west of
estimated Rio Grande rift at 32 degrees North has crust that is composed of two different shear
wave velocity structures. In the area, there is one velocity contrast within crust at 30km depth
and this contrast separates upper crusts where shear wave travels slower and lower crust s where
shear wave travels faster. Between high velocity ratio area and low velocity ratio area, range of
shear wave velocity seems to be similar for most of the depth except for the upper crusts. The
mid-crust velocity contrast shown in this figure can influence receiver function results

significantly. Receiver function uses reflection and change of seismic waves at velocity contrast
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at the Moho and captures depth of the Moho. If velocity contrast exists within crust, receiver
function could capture the depth of this velocity contrast instead of one at the Moho.

Applying this observation of mid-crust velocity contrast, we revisit our initial receiver
function result and made a small change in the stacking processes. Since I was doubtful about
several receiver stations in central Texas (figure 18) showing low crustal thickness, we assume
that the resulting thin thickness for these stations reflects a mid-crust velocity contrast and not
the Moho. In order to capture the Moho depth, we adjusted the window size of stacking window
from 30km to 60km depth range to 37km to 70km depth range (Figure 19).

The receiver function results after the change is illustrated on Figure 20 and 21. After this
change in window size, the thin crust area in central Texas disappeared and crusts become much
thicker in the area. The change in window size did not influence new velocity ratio results. Many
areas still show significantly low value for velocity ratio especially at the corner of New Mexico
and Texas boarder. This result may be indicating that low velocity ratio is caused by some
unknown geological properties that help S wave propagate faster or failure of stacking. Since this
low velocity ratio area near the state boarder is on the Delaware Basin, in the future study, more
detailed investigations on the receiver function results of this area should be performed by
making comparisons with other geophysical study done in this area such as well logging data.
Since well log data usually contains structural, density and velocity information of the crust, use
of well logging data can help us understand the reason why some areas have low velocity ratio

for their receiver function results.
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Figure 15: Receiver function results of Rio Grande rift zone (crustal thickness): The area surrounded by
black dashed line represents estimated area of the Rio Grande rift zone. This area is composed of thin crustal
area surrounded by thick mountain range. The green dashed line is the line covered by the cross section map
(Figure 17) (Thompson 2011).
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Figure 16: Receiver function results of Rio Grande rift zone (velocity ratio): Black dashed line surrounds Rio
Grande rift zone estimated from crustal thickness (Figure 15). Unlike Figure 15, the estimated area does not
have any range or characteristics of velocity ratio that separates this estimated area from other. The green
dashed line is the line covered by the shear velocity cross section map (Figure 17) (Thompson 2011).
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Figure 17: Shear wave velocity cross section map generated with joint inversion method by Sosa A. , 2011.
This map represents the green dashed line on Figure 15 and 16. Using joint inversion method, this map shows
an existence of mid-crustal velocity contrast within crusts.
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Figure 18: Initial crustal thickness estimation in central Texas (area with in yellow circle) may reflects mid-
crust velocity contrast and not the Moho velocity contrast.
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Figure 19: Results of stacking station Z30A: before changing window size of stacking method (30 to 60kn for
depth) (up) and after changing window size of stacking to 37 to 70km (bottom).
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Figure 20: Receiver function thickness result after changing window size of stacking window
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Figure 21: Receiver function velocity ratio result after changing window size of stacking window

Figure 22 and Figure 23 is my improved receiver function results with geological
provinces overlaid. My results show that thickness tends to increase toward northwestern
direction. Although we cannot say that coastal region has good thickness results, the direction of
crustal thickness increase in my results correspond to the direction of age increase on my Texas
geological provinces map. Also there are two stations on the boarder of Mesoproterozoic Craton
and Transitional Crust showing thick crustal thickness. We don’t have too much data for these
two stations however, these results maybe reflecting the Ouachita orogen which formed during

Pangea formation in the Pennsylvanian time. We also see low and high velocity ratio values
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along South Oklahoma Aulacogen. Since in South Oklahoma Aulacogen areas, we find mafic
bodies and high dense materials, adding some Oklahoma and New Mexico stations to the lists of

seismic stations may help understanding mafic bodies’ influence on velocity ratio.
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Figure 22: Improved receiver function crustal thickness result with geological provinces of Texas.
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CONCLUSION

Although good connections between the receiver function results from Rio Grande and from
Texas are hard to make, from this comparison, we found that Rio Grande rift has much shallower
crustal thickness than Texas. From Rio Grande result, we see that active rift zones have a
thickness < 35km. Moreover, both results show similar results for the velocity ratio in West
Texas. Some crustal rock components might be influencing seismic velocity at the low ratio
region. Further data collection for coastal area and application of joint inversion method with
surface wave data will probably enhance the understanding of velocity structures and crustal

depth of Texas.
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