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Abstract of the Dissertation 

The advancement of seismic imaging methodologies is driven by the requirement to attain a more 

comprehensive and accurate understanding of the subsurface, which holds significant importance 

for natural resource exploration, geohazard mitigation, and the interest of humanity about the 

geological history of the Earth and its prospective evolution. While active seismic imaging is 

dominantly applied in the exploration industry, passive seismic imaging methods which extract the 

subsurface information from natural sources (e.g., earthquakes, ambient noise, microseismism) 

offer nondestructive, economical access to the subsurface structures. Receiver function (RF) is an 

established passive seismic imaging method which traditionally reveals the deep-earth structure 

from teleseismic recordings. The abundance of earthquake sources around the world and 

established processing workflow makes the RF a promising method in investigating the upper 

mantle and crustal structure.  

Oklahoma, situated geologically in the middle of the North American plate, has garnered 

significant attention from both the general public and the geoscience community due to the notable 

increase in intraplate seismicity over the past decade. However, our understanding of the deep 

structure of the Oklahoma crust and mantle remains limited, despite having approximate crust 

thickness estimates from seismic investigations on a continental scale. I address the crustal and 

mantle structure of the Oklahoma lithosphere by conducting teleseismic RF analysis in central 

Oklahoma, utilizing data from 169 broadband and short-period seismometers deployed by various 

monitoring networks. By converting the stacked RFs into the depth domain, this study provides 

the first detailed Moho map of central Oklahoma. The results indicate an eastward shallowing 

Moho, transitioning from over 50 km in the northwest to approximately 40 km in the east. 
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Additionally, the RF depth cross-section reveals a mid-lithosphere discontinuity at a depth of 60-

80 km within the upper mantle. Regarding the ongoing debate regarding the validation of 

midcontinent rift extension in Oklahoma over the gravity-anomalous zone, the RF analysis does 

not exhibit similar characteristics of crustal structure that are observed in the northern part of MCR, 

suggesting limited impact from the rifting processing within Oklahoma crust. However, the 

presence of intracrustal discontinuities observed in the RFs suggests the potential existence of rift-

filling magmatism. 

RFs derived from teleseismic events have limited capability in resolving shallow structures with 

high-resolution, primarily due to the absence of high-frequency components in teleseismic 

waveforms. Furthermore, deconvolution involving high-frequency component introduces 

instabilities to the inversion process and consequently less reliable RFs. To obtain high-resolution 

imaging of the shallow structures in the fault zone that ruptured the 2016 Mw 5.0 Cushing 

earthquake, I derived the RFs using local and regional earthquake data recorded by a nodal array 

comprising 130 portable seismic recording stations. A multichannel blind deconvolution approach 

is adopted to establish an inversion routine for retrieving high-resolution RF from local and 

regional earthquake data at a densely spaced array. The RFs clearly illustrate the primary 

conversion from the basement top interface, which cannot be observed from teleseismic RFs. The 

depth of this converted interface is approximately 1.15 km, which agrees well with an existing 

basement depth map.         

Distributed Acoustic Sensing (DAS) from dark fiber introduces a new kind of data to the 

seismological community and holds great potential for earthquake detection applications. 

However, the earthquake wave responses of different DAS arrays may exhibit notable variations 

in signal to noise ratio and spectral sensitivity. These variations can be attributed to factors such 
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as deployment conditions, surrounding noise levels, and fiber geometry. I present a comparative 

analysis of the waveforms of 2016 Mw 8.2 Alaska Peninsula earthquake from three DAS arrays 

(Enid, Ridgecrest, FORESEE-urban in State College). For comparison, waveform from nearby 

broadband stations is reviewed along with the converted particle velocity waveform from DAS 

strain and strain rate data. The three DAS arrays present the capability in capturing low-frequency 

signals while the variations of SNR exhibit between DAS arrays and internal sections, respectively. 

RF obtained from the combined Enid DAS array and conventional seismic receiver array show 

comparable conversion phases to those obtained from a broadband station.
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Chapter 1   

1 Introduction   

1.1 Introduction  

The Earth, as the foundation of all human beings, holds numerous secrets within its vast interior. 

Despite the majority of human activities taking place on the surface, comprehending the Earth's 

subsurface holds significant meaning for our collective destiny. Geophysical imaging methods 

serve as the primary tools for investigating the Earth's interior, providing insights into its 

subsurface structure(Claerbout, 1985). Among these methods, seismic imaging plays a pivotal 

role, utilizing acoustic and elastic waves propagating through the Earth to decipher the 

heterogeneous subsurface space(Claerbout, 1985; Biondi, 2006; Stein and Wysession, 2009). 

Seismic imaging is widely applied across diverse fields including fossil energy exploration, 

investigations of deep structures and seismic studies related to earthquakes(Payton, 1977; Zhu and 

Kanamori, 2000; Etgen, Gray and Zhang, 2009; Grad and Tiira, 2009; Rawlinson, Pozgay and 

Fishwick, 2010).  

One established technique in passive seismic imaging is receiver function analysis, which utilizes 

conversion waves generated from incident earthquake waves at impedance discontinuities to 

delineate subsurface boundaries(Stein and Wysession, 2009). The foundational development of 

receiver function is based on the studies of Langston in the 1970s (Langston and Helmberger, 

1975; Langston, 1977a, 1977b, 1979), which synthesized the teleseismic P-wave spectral 

amplitude ratio of vertical displacement to radial displacement in the time domain, and developed 
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deconvolution techniques, laying the groundwork for the modern receiver function analysis. 

Subsequent advancements in the 1980s and 1990s expanded the methodology, incorporating 

waveform fitting, deconvolution methods, time-depth conversion, stacking and migration 

techniques (Owens, Zandt and Taylor, 1984; Ammon, Randall and Zandt, 1990; Ammon, 1991; 

Dueker and Sheehan, 1997; Yuan et al., 1997). With the increasing availability of teleseismic data 

due to regional and global broadband network deployments, receiver function analysis has become 

a prominent technique for studying lateral discontinuities in the crust and upper mantle. Over the 

past few decades, as seismometers worldwide have proliferated, receiver function studies have 

significantly contributed to the further understanding of crust and mantle structures, particularly 

at the Moho discontinuity and lithosphere-asthenosphere boundary (LAB), in subduction zones 

and for rifting process around the world (Zhu and Kanamori, 2000; Dugda, 2005; Nair et al., 2006; 

Kind, Yuan and Kumar, 2012a; Li, Gao and Wu, 2014; Shen and Ritzwoller, 2016a). 

The early geological understanding of subsurface Oklahoma dates back to 1950s when the vast 

exploration for oil took place in the Anadarko Basin in western Oklahoma (Jacobsen, 1949; 

Wheeler, 1955; Beebe, 1959). The shallow subsurface geology of Oklahoma is dominated by the 

sedimentary layers deposited from Cambrian to Permian period with thickness of 1-3 km in the 

east and over 10 km in the Anadarko Basin to the west (W. Perry, 1989; Ball, Henry and Frezon 

Sherwood E., 1991; Crain and Chang, 2018). The defining of geologic provinces of Oklahoma are 

mainly shaped by the tectonic activities of Pennsylvanian age (Robert A. Northcutt and Campbell, 

1996). Buried under the sedimentary rocks is the Pre-Cambrian crystalline basement, which is the 

southern part of the Southern Granite Rhyolite Province of North American craton (Bickford et 

al., 1981; Bickford, Van and Zietz, 1986a; Kolawole et al., 2019; Kolawole, Simpson Turko and 

Carpenter, 2020). The majority of Oklahoma’s crust is formed at 1.35-1.48 Ga, during the south-



 
 

3 

ward expansion of Laurentia, the early core of the North American craton (Bickford, Van and Zietz, 

1986a; Whitmeyer and Karlstrom, 2007; Bickford et al., 2015; Wang and Behm, 2020).  

Despite being located in a tectonically quiet zone within the middle of the North American 

continent, Oklahoma has experienced a significant increase in earthquakes over the past decades 

due to wastewater injection from hydrocarbon production, drawing considerable attention from 

academia and the general public (Ellsworth, 2013; Keranen et al., 2014). Consequently, numerous 

seismic networks have emerged in Oklahoma for earthquake monitoring following the concerns 

of raising earthquakes. Additionally, non-traditional sensors such as nodal arrays and Distributed 

Acoustic Sensing (DAS) have become available, contributing novel seismic datasets for receiver 

function analysis. The overall motivation of this dissertation is to employ receiver function analysis 

to gain insights into the multiscale structure of Oklahoma's subsurface, ranging from the upper 

mantle to the basin scale. Simultaneously, this dissertation aims to contribute and apply novel 

algorithms to non-traditional datasets to advance the receiver function technique. The specific 

motivations of each section are as follows: (1) providing insights into Moho depth and upper 

mantle structure through receiver function analysis using data from multiple networks in 

Oklahoma, (2) exploring the application of receiver function analysis using local earthquake data 

recorded by nodal arrays and obtaining high-resolution images of basement-top interfaces in fault 

zones, and (3) comparing teleseismic waveforms recorded by Distributed Acoustic Sensing arrays 

across the US. 
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1.2 P-to-S Receiver function  

The receiver function provides insight about the structure beneath the receiver by isolating the 

structure response of earthquake wave from the source-time function and far-away-structure effect 

(Stein and Wysession, 2009). The basic aspect of the receiver function method is the wave mode 

conversion occurrence when a teleseismic wave incident to discontinuities as the wave propagates 

through the subsurface. Since the studies presented in this dissertation solely focus on the P-to-S 

receiver function, the following introduction will concentrate on the P-to-S receiver function 

method and its processing techniques. 

In the P-to-S receiver function studies, the P wave of a teleseismic with event epicentral distance 

greater than 30° can be assumed as plane wave (Figure 1.1a). Part of the incident teleseismic P 

wave is converted to S wave (Ps) at impedance boundaries as it propagates upward from the mantle 

to the surface. The Ps wave arrives at the station within the P wave coda right after the direct P 

wave arrival. Then, the simplified relationship between the P wave and converted S wave is given 

as: 

Converted S − wave (t) =  P − wave(t) ∗ rf(t) 

where the rf(t) represents the time receiver function and ∗ represents convolution. This equation 

is based on a couple of assumptions 1) the source time function is approximated by the P-wave 

wavelet, and 2) the instrument response and noise are not considered in this ideal situation. So, the 

derivation of receiver function is the deconvolution of the P-wave from the converted S wave.  

Figure 1.1b presents a synthetic waveform of receiver function for a two-layer model where the 

impedance of bottom layer is larger than the top layer. The amplitude phases in the receiver 

function waveform are associated with the primary conversion or surface related multiples while 
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the time of the phases are related to the depth of the conversion interface, velocity model of the 

top layer, and the ray parameter to the teleseismic P wave (Zhu and Kanamori, 2000).   

 

Figure 1.1 a) Diagram of the teleseismic P wave, converted S wave and multiples, and b) 

representation of receiver function waveform of the two-layer model depicted in a).  

When deriving the receiver function from 3-component seismograms of teleseismic events, it is 

generally accepted to assume that the direct P wave is predominantly recorded by the vertical 

component, while the converted S wave is mainly captured by the two horizontal components. To 

obtain the converted SV and SH waves separately, a common practice is to rotate the EW and NS 

components to the radial and transverse components using the back azimuth of the teleseismic 

event with respect to the station. With a comprehensive understanding of the near-surface geology 

in the study area, more precise rotation can be performed for each wave component. By knowing 

the incident angle of the P wave arrival, the P-wave and converted SV wave can be effectively 

isolated through a rotation technique called LQT rotation. In LQT rotation, the L component aligns 
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with the direction of P wave propagation, the Q component aligns with the direction of SV phase 

movement, and the T component aligns with the direction of SH phase movement. 

When it comes to deriving the receiver function from the rotated three-component seismograms 

of teleseismic events, the deconvolution process plays a vital role and involves several 

mathematical considerations. Three primary deconvolution methods are commonly employed in 

receiver function analysis: 1) water-level frequency domain deconvolution (Clayton and Wiggins, 

1976a), 2) iterative time domain deconvolution (Ligorría and Ammon, 1999a), and 3) multiple-

taper spectral deconvolution (Park and Levin, 2000). In recent years, statistics-based inversion 

methods have also been introduced to extract coherent conversion phases within the receiver 

function (Kolb and Leki, 2014; Zhong and Zhan, 2020). These methods offer alternative 

approaches for retrieving valuable information from the receiver function waveform. 

 

 

1.3 Overview of the dissertation  

Chapter 2 of my dissertation focuses on the application of receiver function analysis in Oklahoma 

using various locally deployed broadband and short-period stations. The goal is to gain insights 

into the crustal and upper mantle structure of the region. Previous seismological studies, such as 

those conducted by the USArray project, which deployed over 2000 seismometers across the 

United States following a rolling style, have provided an overview of crust thickness in the country, 

suggesting a Moho depth of around 45 km in Oklahoma (Kumar et al., 2012; Kind et al., 2015; 

Ma and Lowry, 2017). However, detailed imaging of the crust and mantle structure in Oklahoma 

has been limited. To address this, I utilized teleseismic data recorded by locally deployed 
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broadband and short-period networks in Oklahoma, which are rarely used for deep structure 

imaging. By analyzing receiver functions from 169 three-component seismometers across five 

networks, I generated a depth map of the Moho discontinuity. The results indicate an eastward 

shallowing of Moho, with the deepest part located in the northwest of Oklahoma at depths 

exceeding 50 km. The receiver function analysis also revealed the presence of a mid-lithosphere 

discontinuity, consistent with upper mantle discontinuity depths observed in continental-wide 

seismic studies. Furthermore, the results suggest no evidence of the Midcontinent Rift extension 

in Oklahoma, but the possibility of rift-filling magmatism. 

In Chapter 3, I demonstrate the application of multichannel blind deconvolution to retrieve high-

resolution receiver functions from local earthquake data recorded by a nodal array near the 2016 

Mw 5.2 earthquake sequence at Cushing, Oklahoma. A nodal array consisting of 130 3-C Z Land 

node was deployed near the 2016 Mw 5.0 Earthquake sequence near Cushing, Oklahoma to 

characterize the fault where the earthquake sequence ruptured (Qin et al., 2022). Instead of 

teleseismic data, local earthquakes are used to derive high-resolution receiver functions. To ensure 

stability in deconvolution analysis of high-frequency local earthquake data, I adapted a 

multichannel blind deconvolution technique (Behm and Shekar, 2014) for RF analysis. The results 

provide a high-resolution receiver function that clearly delineates the conversion phase of the 

basement top interface. The depths map obtained from the receiver function analysis align 

remarkably well with the basement map from the Oklahoma Geological Survey. Across the array, 

the basement conversion phase does not exhibit evidence of vertical displacement from the fault, 

which is consistent with focal mechanism studies (Deng, Liu and Chen, 2020; Qin et al., 2022) 

indicating dominant strike-slip movement during the earthquake sequence. 
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Chapter 4 focuses on a comparison of the teleseismic response of a mega-earthquake recorded by 

three dark fiber Distributed Acoustic Sensing (DAS) arrays. DAS technology leverages optical 

fiber reflectometry, repurposing dark optical fibers (inactivated telecommunication fibers) as 

dense-spaced seismometers. I collected DAS data for the 2021 Alaska Peninsula Mw 8.2 

earthquake from three DAS arrays: Ridgecrest DAS array, FORESEE-urban DAS array, and Enid 

DAS array. This study compares the waveforms in the time and frequency domains to assess data 

quality and spectral sensitivity, which revealed distinct signal-to-noise ratios among the arrays and 

their internal sections. Additionally, I performed receiver function analysis on the Enid DAS data 

for this earthquake, which demonstrated similar conversion phases as those observed from 

broadband station receiver functions. 

         

1.4 Structure of the dissertation 

This dissertation consists of 3 main chapters with the first main chapter reformatted from a 

published manuscript and the other two chapters in preparation for submission. The chapters are 

as follows: 

Chapter 2: New Insights on Moho Depth and Regional Lithospheric Structure of Central Oklahoma 

Based on Receiver Function Analysis from Dense Seismic Networks. 

Published: Wang, Zhuobo, Michael Behm, Patricia Persaud, Xiaowei Chen, and Brett M. 

Carpenter. "New insights on Moho depth and regional lithospheric structure of central Oklahoma 

based on receiver function analysis from dense seismic networks." Tectonophysics 854 (2023): 

229818. 
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Chapter 3: High-resolution receiver function imaging using local earthquakes and multi-channel 

inversion routine.   

In preparation for submission 

Chapter 4: Investigation of the Teleseismic Event Record by Multiple Distributed Acoustic 

Sensing Arrays  

In preparation for submission  
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Chapter 2 

2 New Insights on Moho Depth and Regional 

Lithospheric Structure of Central Oklahoma 

Based on Receiver Function Analysis from Dense 

Seismic Networks 

 

2.1 Abstract 

Knowledge of the midcontinent crustal structure of North America is crucial for understanding the 

evolutionary history of the ancient North American craton as Laurentia grew through accretion 

~1.5 Ga to 1 Ga. Although Oklahoma has been recognized as a tectonically stable region since the 

Phanerozoic, its crustal structure records the earlier formation of the Mazatzal and southern 

Granite-Rhyolite provinces 1.6 Ga to 1.4 Ga. We present results from teleseismic receiver function 

analysis applied to 221 events recorded on 169 broadband stations in central Oklahoma. Our 

findings include a Moho depth map of central Oklahoma based on stacked and depth-converted 

teleseismic P receiver functions. The results are interpreted together with gravimetric and magnetic 

datasets and a recently established seismic velocity model of the crust.  

The Moho map shows a generally flat crust-mantle boundary in central Oklahoma with an average 

depth of 43.5 km while we observe a sudden thickening on the crust of the northwestern part of 
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Oklahoma where the Moho deepens to over 50 km depth. We also find a Mid-lithosphere 

discontinuity at the upper-most mantle in north-central Oklahoma, presented as a negative phase 

deepening southeastward from 60 km to 80 km. We further observe an intracrustal discontinuity 

at the Nemaha uplift and Anadarko shelf regions in a depth range of 17-30 km. The hypothesis of 

the Mid-continent Rift (MCR) extending into Oklahoma is examined in terms of the crustal 

structure and Moho depth variation revealed by receiver functions. We do not find evidence of 

Moho structure or lower-crustal underplay characteristics similar to what has been discovered in 

the northern part of MCR, but the intracrustal discontinuity that deepens towards the hypothesized 

MCR region suggests upper-crustal volcanics potentially caused by the extended expansion regime 

of the failed rift near the south-most termination.   

 

2.2 Introduction 

The current understanding of the lithospheric structure in the US midcontinent (Figure 2.1) is 

largely based on gravity and magnetic data as well as on the geochemical analysis of basement 

rock samples where they are accessible through drilling or outcrops. The analysis from different 

data sources provides some understanding of the formation of the Oklahoma crust, although 

different lines of interpretation are presented in the literature (Bickford, Van and Zietz, 1986b; 

Rivers, 1997; Rivers and Corrigan, 2000; Karlstrom et al., 2001; Slagstad et al., 2009; Bickford et 

al., 2015; Cawood and Pisarevsky, 2017). 

Based on isotopic studies, the southwest-northeast trending ‘Nd line’ runs across the SGRP 

(Southern Granite-Rhyolite Province) and EGRP (Eastern Granite-Rhyolite Province), separating 

craton lithosphere in the northwest having formed before 1.55 Ga from more juvenile crust in the 
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southeast (Bickford et al., 1981, 2015; Nelson and DePaolo, 1985; van Schmus, Bickford and 

Turek, 1996; Renee Rohs and van Schmus, 2007). The tectonic setting of this Paleoproterozoic-

to-Mesoproterozoic transition zone and formation mechanisms of the Granite-Rhyolite provinces 

are explained in the literature through both ‘orogenic’ and ‘anorogenic’ processes (Anderson, 

1999; Anderson & Bender, 1989a; Anderson & Morrison, 1992, 2005; Karlstrom et al., 2001; 

Karlstrom & Humphreys, 1998; Menuge et al., 2002; Rivers, 1997; Slagstad et al., 2009; 

Whitmeyer & Karlstrom, 2007). Early studies favored the hypothesis of ‘granitoidic’ emplacement 

in a compressive or transgressive regime for the formation of the Granite-Rhyolite province 

(Bickford and Lewis, 1979; Bickford et al., 1981; Bickford, Van and Zietz, 1986a; Nyman et al., 

1994). However, contrasting hypotheses are derived from recent studies. Isotopic studies of‘A-

type’ plutons, which are usually considered ‘anorogenic’ due to less foliation, indicate an older 

crust of craton origin (Anderson and Bender, 1989a; Anderson and Morrison, 1992; Anderson, 

1999; Goodge and Vervoort, 2006; Whitmeyer and Karlstrom, 2007). More recent studies suggest 

an intracratonic setting, in which magmatism occurred in a back-arc setting associated with the 

early phase of the Grenville orogeny (Karlstrom et al., 2001; Menuge, Brewer and Seeger, 2002; 

Slagstad et al., 2009).  

Another discussion revolves around the southern extension of the Mesoproterozoic Midcontinent 

Rift (MCR) western arm into Oklahoma (Schmus and Hinze, 1985; Woelk and Hinze, 1991a; Stein 

et al., 2014, 2015; Elling et al., 2020; Hinze and Chandler, 2020; Ratre and Behm, 2021). A widely 

accepted configuration includes its west branch stretching from the center of Lake Superior into 

southwest Kansas (Schmus and Hinze, 1985; Ruppel, 1995; Ojakangas, Morey and Green, 2001; 

Elling et al., 2020).   Based on a linear gravity anomaly trending from Kansas to Oklahoma and 

isotopic analysis of diffuse volcanism, several authors propose an extension of the MCR into north-
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central Oklahoma (Adams and Keller, 1994; S. Stein et al., 2018; Elling et al., 2020). Although the 

gravity map of Oklahoma and the surrounding regions (Figure 2.1) is indicative of lateral crustal 

variations at regional scales, the extension is still under debate due to a lack of validation from 

other data sets (Woelk and Hinze, 1991a; Hinze and Chandler, 2020; Ratre and Behm, 2021).  

Another notable lithospheric structure of the midcontinent is the upper mantle negative velocity 

gradient which is frequently observed in seismological studies across the United States (Abt et al., 

2010; Yuan and Romanowicz, 2010; Kind, Yuan and Kumar, 2012b; Lekić and Fischer, 2014a; 

Hansen, Dueker and Schmandt, 2015; Hopper and Fischer, 2015a; Kind et al., 2015; Chen et al., 

2018). Although a negative velocity gradient is well resolved in many receiver function studies 

(Yuan and Romanowicz, 2010; Kind, Yuan and Kumar, 2012b; Lekić and Fischer, 2014a; Hansen, 

Dueker and Schmandt, 2015; Kind et al., 2015; Chen et al., 2018), the relation of the negative 

velocity gradient to a shallow lithosphere-asthenosphere boundary (LAB) or other mid-

lithospheric discontinuities is uncertain (Yuan and Romanowicz, 2010). Only a few studies present 

the upper mantle structure of the Oklahoma lithosphere with the negative velocity gradient 

revealed, and continental scale lithospheric structure studies often lack detailed investigation of 

the mid-to-mideast continent (Yuan and Romanowicz, 2010; Kind, Yuan and Kumar, 2012b; Lekić 

and Fischer, 2014a; Hopper and Fischer, 2015a).   

Overall, detailed regional knowledge about deeper subsurface structures is still sparse for this part 

of the midcontinent, owing to a lack of dedicated deep-sounding active and passive source seismic 

experiments when compared to other parts of North America. A detailed Moho depth map and 

insight on other lithospheric features can therefore contribute to the understanding of the GRP and 

the Paleoproterozoic-Mesoproterozoic transition zone. Additionally, imaging of the Moho and 

crust may help to resolve the question of the possible MCR extension into northern Oklahoma.   
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Figure 2.1 Bouguer gravity anomaly map of the study area and its surroundings (Gravity anomaly 

map of North America [Map], 1988). Tectonic provinces are defined by black dashed lines 

(Modified from Bickford et al., 2015). The southern extension of the western arm of MCR as 

proposed by (Adams and Keller, 1996; Stein et al., 2014) is indicated by the red dashed line. The 

gray dashed line is the Nd line. A high-pass wavelength filter (200 km) is applied to the gravity 

data to suppress upper mantle features. 
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Figure 2.2 Main geologic provinces and major faults in Oklahoma (Oklahoma Geological 

Provinces [Map] by Oklahoma Geological Survey). Blue triangles show the seismic stations used 

in this study. Geological features (platform and shelf, basin, and uplift) are shown in different 

colors.  

 

Seismic investigations at Oklahoma provide crustal structure delineations and rough estimation of 

Moho depth through various approaches starting in the late 1960s. Early active source seismic 

studies of the crustal structure beneath Oklahoma using 2D refraction data (Tryggvason and 

Qualls, 1967; Mitchell and Landisman, 1970) produced a model with a 46 km-deep Moho and an 

intracrustal layer at around 18 km depth. Following those early seismic models of central 

Oklahoma, more studies focused on developing velocity models for the Anadarko Basin and 

Wichita Uplift area (Brewer et al., 1983; Brewer & Oliver, 1980; X. Zhu & McMechan, 1989), 
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where the Moho depth ranges from 40 to 45 km (Lynn, Hale and Thompson, 1981; Pratt and Haus, 

1992). Studies based on passive seismic methods (Toth, 2014; Chen, 2016) provide the seismic 

velocity of the upper crust through earthquake tomography, while the lower crust and Moho 

topography of Oklahoma was mainly investigated by receiver functions using US Transportable 

Array (TA) data (Tave, 2013; McGlannan and Gilbert, 2016). Taking advantage of the broad 

coverage with equally spaced stations, McGlannan and Gilbert (2016) reported a Moho topography 

map of the midcontinent, part of which suggests a 30-55 km Moho depth beneath Oklahoma. 

Integrating Pn tomography with receiver functions, Tave (2013) provided a Moho depth map for 

Oklahoma, with Moho depth varying from 36 km to 42 km. However, the large station spacing of 

the USArray does not allow for detailed information on local Moho depth variation or the potential 

existence of other lithospheric discontinuities.  As a result of wastewater injection, intraplate 

seismicity has increased dramatically since 2009 (Ellsworth, 2013; Keranen et al., 2014). 

Consequently, a multitude of dense local seismic deployments was initiated to monitor local 

seismic activity, and most of these data are publicly available through the IRIS DMC (Figure 2.2). 

Those networks are usually equipped with broadband or short-period instruments and operate on 

time frames between months and years. Therefore, they are well-suited for recording teleseismic 

events for receiver function studies. 

In our study, we utilize a large data set of teleseismic events from 2013 to 2019 recorded at 163 

stations (Figure 2.2) to investigate the lithospheric structure and the Moho depth in Central 

Oklahoma. We apply P-to-S receiver function analysis to the prescreened teleseismic event data to 

estimate the crustal thickness and other lithospheric features in Oklahoma. We interpret our results 

in the context of the Proterozoic evolution of the mid-continent and the hypothesis of MCR 

extension into Oklahoma. Our work further complements a recently derived 3D crustal P-wave 
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velocity model (Ratre and Behm, 2021), which also made use of the abundant data recorded on 

the local networks, and it overall contributes to the understanding of continental evolution in this 

underexplored part of the North American lithosphere. We present a Moho depth map, identify 

mid-lithospheric discontinuities and interpret our results together with other relevant geophysical 

data such as gravity and magnetic anomalies.  

 

2.3 Geologic and Tectonic Setting 

The formation of the North American continental crust resulted from episodic accretions of 

igneous material to Laurentia starting at 1.8 Ga (Whitmeyer and Karlstrom, 2007). The growth of 

Laurentia at its southeastern margin involved a series of orogenic episodes (Yavapai orogeny, 

Mazatzal orogeny, Grenville orogeny), which formed the crust of the southeastern half of the core 

of Laurentia (Bickford et al., 2015; Bright et al., 2014; Whitmeyer and Karlstrom, 2007). The 

oldest crust of Oklahoma originates from the Mazatzal Orogeny ca. 1.65-1.6 Ga (Anderson & 

Bender, 1989; Whitmeyer & Karlstrom, 2007; Figure 2.1). The accretionary felsic magmatism 

(1.5-1.35 Ga) following the Mazatzal Orogeny constituted the Eastern and Southern Granite-

Rhyolite Province, constituting most of the basement from northwestern Ohio to Texas (Bickford 

et al., 2015). The subsequent craton growth began with a major continental event, the Grenville 

orogeny (1.3-1.0 Ga), along the southeastern margin of Laurentia and led to the final assembly of 

the supercontinent Rodinia.  

Sm-Nd isotopic studies of the basement rocks of the midcontinent provide an estimate of the 

crystallization time of the Mazatzal and GRP province lithosphere (Bickford et al., 1981, 2015; 

Nelson and DePaolo, 1985; van Schmus, Bickford and Turek, 1996; Renee Rohs and van Schmus, 
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2007). Delineated by samples older or younger in age than 1.55 Ga, the Nd-line represents a crustal 

boundary, separating the midcontinental crust into a Paleoproterozoic craton to the northwest of 

the line and juvenile Mesoproterozoic crustal accretion to the southeast of the line(Bickford et al., 

2015). Inferred from the spatial and temporal distribution of the Nd model samples within GRP, 

the sharpness of the Nd line that represents a Paleo-Mesoproterozoic boundary is questionable, 

and suggests a more gradual transition from a ‘cratonal’ magmatic source to a more juvenile source 

(Bickford et al., 2015). The Nd line cuts across the Oklahoma crust from the east end of Wichita 

Uplift, along the Southern Oklahoma Aulacogen, to central Oklahoma, and bends towards the 

northeast to the Ozark Uplift, but there are no exposed tectonic structures at the surface that are 

associated with this crustal boundary. The midcontinent rift (MCR) records a major rifting event 

during the Grenville orogeny at ca. 1.1 Ga (C. A. Stein et al., 2018). As the rifting did not split 

Laurentia, it left a 3000-km-long U shape band of buried igneous and sedimentary rocks 

throughout the present US midcontinent. The MCR was initially identified as a midcontinent 

geophysical anomaly in the 1940s (Woollard, 1943). Following the compilation of more gravity 

data from the 1950s onward (Lyons, 1950; Black, 1955; Thiel, 1956; Craddock, Thiel and Gross, 

1963), the MCR main body was established with two arms. The western arm extends from the 

western end of Lake Superior to Kansas, and the eastern arm extends from Lake Superior, across 

Michigan and Ohio, to Tennessee. Some studies proposed a southern extension of the western arm 

to Oklahoma based on an observed southward-extending linear gravity anomaly (Adams and 

Keller, 1994; Stein et al., 2014, 2015), but recently developed seismic velocity models (Ratre and 

Behm, 2021) do not give support for this hypothesis. 

With the Proterozoic orogenic structure buried deep in the lower crust and lithosphere, the surface 

geological provinces of Oklahoma are predominantly shaped by early Phanerozoic tectonism. The 
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final stage (0.54-0.53 Ga) of the intermittent breakup of Rodinia involved the rifting of 

southeastern Laurentia, leaving a failed arm of a triple junction that forms the Southern Oklahoma 

Aulacogen (SOA) (W. J. Perry, 1989). Late Paleozoic extension and magmatism within the SOA 

ended with thermal subsidence and sediment loading, resulting in the formation of the Anadarko 

Basin (Brewer et al., 1983). The Ancestral Rockies Orogeny, with intense deformation and erosion 

during the Pennsylvanian, configured most of the present-day tectonic features of Oklahoma, 

including the Arbuckle-Wichita-Amarillo uplift belt (Burke, 1977). At the surface, prominent 

tectonic structures appear at different scales. Among them are the Ouachita, Arbuckle, and Wichita 

uplifts in the south and the Nemaha uplift in the north (Figure 2.1). Major sedimentary basins such 

as the Anadarko Basin and Arkoma Basin are located in the south as well. The Anadarko Shelf and 

Cherokee Platform are the units adjacent to the Anadarko Basin in the north (Robert A Northcutt 

and Campbell, 1996; Bright et al., 2014).  

 

2.4 Data and Methods 

We use data collected from five temporary networks deployed with 169 three-component 

broadband stations in total: 26 stations from US Geological Survey Networks (GS), 28 stations 

from the Nanometric Research Network (NX), 56 stations from Oklahoma Consolidated 

Temporary Seismic Networks (O2), 23 stations from the Oklahoma Seismic Network (OK), and 

37 stations from XR network which was temporarily deployed for the Nemaha fault study (Figure 

2.2, Appendix A1). The stations are irregularly distributed due to their emphasis on induced 

seismicity monitoring and other regional studies but cover many of the geologic provinces of 

central to central-west Oklahoma. Notable exceptions include parts of eastern Oklahoma, such as 

the Ozark Uplift, the Arkoma Basin, and the Ouachita Uplift. We use FuncLab (Porritt and Miller, 
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2018), a MATLAB-based receiver function (RF) analysis platform, to perform the pre-processing 

and calculation of the RFs. As the selected networks were mainly deployed after the onset of 

induced earthquake activity in the early 2010s (Keranen et al., 2014; Shah & Keller, 2017), the 

teleseismic data comprise events from June 2013 to August 2019 (Appendix A1). The networks 

were active for durations lasting from 14 months to 36 months. The data were accessed through 

the publicly available database of the Incorporated Research Institute for Seismology (IRIS) Data 

Services. In this study, events with 30° to 90° epicentral distance and moment magnitude (Mw) 

>5.5 are considered for analysis. A total of 221 events are used for RF computation while most 

events within the epicentral distance range are located in the Aleutian Trench and Peru-Chile 

Trench (Figure 2.3).   

A bandpass filter of 0.05-1 Hz is applied to the rotated components before deconvolution. Then, 

the receiver functions are computed using time-domain iterative deconvolution applied to the 

vertical and radial components (Ligorría and Ammon, 1999b). A low-pass Gaussian filter with 

parameter ‘a’ of 2.5, which corresponds to a maximum frequency of ~1.2 Hz, is applied to the 

receiver functions to eliminate high-frequency noise. A low-velocity sedimentary layer can give 

rise to strong reverberations and primary conversion amplitude in the seismograms. Common 

characteristics of the reverberation phase in RF waveforms are delayed P arrival peaks and 

multiples, which may mask later crustal conversion phases as well as Moho phases depending on 

the depth of the basement. The sedimentary column in Oklahoma features an average thickness of 

1 km on the shelf and platform and over 3 km in deeper basins (Campbell and Weber, 2006). In 

our dataset, reverberation characteristics are present in many RF waveforms and, in particular, 

from stations that are located in or close to the Anadarko Basin, where the sedimentary column is 

significantly thicker than other geological regions. To eliminate the reverberation phase from the 
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receiver function waveform, we apply a frequency-domain resonance removal filter to individual 

RF traces (Yu et al., 2015). For quality control, all RF traces with resonance removal filter applied 

are prescreened for clear and coherent phases corresponding to the P arrival and Moho primary 

conversion (Figure A1).  

To investigate the Moho depth, we implement two distinct approaches: the first approach involves 

performing depth conversion of prescreened RFs, while the second approach utilizes H − κ 

stacking (Zhu and Kanamori, 2000). In the first approach, the individual receiver functions are 

move-out corrected according to their event-station epicentral distance and stacked to obtain one 

representative trace for each station. Those traces then are depth-converted using a recently 

established Oklahoma crustal P-wave velocity model which was derived from local earthquake 

tomography at Oklahoma networks (Ratre and Behm, 2021). The time-depth conversion is based 

on an average 1-D velocity model extracted from the tomography-derived velocity volume. The 

depth-converted stacked traces form the basis for our structural interpretation. As an additional 

approach, H − κ stacking is applied(Zhu and Kanamori, 2000) to investigate the crustal Vp/Vsratio 

(κ) and Moho thickness. Through the weighted stacking of the P-to-S Moho conversion phase 

(Pms) and its multiples in the crustal thickness (H) and Vp/Vsratio (κ) domain, the optimal values 

of crustal thickness and κ   for each station are found by grid-searching the maximum of the 

stacking amplitude. The results of both approaches are described and discussed in the following 

sections. 
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Figure 2.3 The distribution of teleseismic events used in the receiver function analysis. The state 

of Oklahoma is shown in red in the center of the map. Event magnitudes are indicated with 

different colors.  

2.5 Results  

In this study, we mainly focus on the Pms and other prominent conversion phases from the crust 

and upper mantle. To facilitate the interpretation of coherent phases with confidence, a general 

practice of receiver function analysis is the common conversion point stack (Frassetto et al., 2011a; 

Lekić and Fischer, 2014b; Hopper and Fischer, 2015b; Chen et al., 2018) which benefits from 

regular station spacing and homogenous coverage. Due to the scattered deployment in both space 

and time and poor back azimuth coverage (Figure 2.3), we instead stack the RFs at each station 

after move-out correction and assign this stacked RF trace to the station location. 
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2.5.1 Stacked RF 

The stacked RFs show different characteristics across the various geologic provinces in Oklahoma. 

Due to the irregular distribution of the stations, we firstly present the stacked RFs classified into 

five groups based on their geographic location as well as on the characteristics of the waveforms 

(Figure 2.4). Those five subsets are associated with the following geological provinces: (1) The 

Anadarko shelf, (2) the Northern Cherokee Platform, (3) the Nemaha uplift, (4) the Southern 

Cherokee Platform, and (5) the Anadarko Basin. Within each region, we show stacked receiver 

functions arranged equidistantly along the W-E or S-N directions.  

The most notable phase throughout the study area is a positive amplitude phase between 5 to 6 s 

(Figure 2.4), corresponding to the Moho discontinuity (Pms phase). Those delay times represent a 

Moho depth ranging between 40 and 50 km and correspond to results from previous seismological 

studies of the midcontinent crust. A clear interpretation of the Pms phase among the stations in the 

Anadarko Basin (Figure 2.4d) is not possible due to complex waveforms and sparse station 

coverage. Considering the presence of the thick, low-velocity sedimentary units in the basin, the 

coherent phases in this region are inferred to be basement reverberations that mask the mid-crustal 

and Moho conversions and, consequently, complicate the identification of the Pms and later 

phases. A variation of the Pms amplitude is also observable across other geologic provinces. Low 

amplitude Pms occurs at the stations located in the Anadarko Shelf, in the western part of the 

Nemaha Uplift, and in the northern part of the Southern Cherokee Platform, which may indicate a 

decreased velocity contrast across the Moho discontinuity and/or a high-velocity lower crust 

(Cassidy, 1992; Frassetto et al., 2011b; Janiszewski and Abers, 2015; Ratre and Behm, 2021).   
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Other crustal and lithospheric conversion phases are present in our study area as a positive phase 

at 2 – 4 s, and a negative phase at 8 – 11 s (Figure 2.4).  The intracrustal conversion phase is mainly 

present at the Nemaha Uplift region and Northern Cherokee Platform, indicating a layer potentially 

caused by velocity or density variation in the mid-crust. Many studies of the mid-continent crust 

suggest the presence of an intracrustal layer, most of which are associated with inter-terrane 

deformation and detachment resulting from continental collision (Rivers, 1997; Elling et al., 2020). 

As the formation of SGRP does not involve an extensive continental collision, we also interpret 

the intracrustal layer as an indication of inner-terrane deformation. A potential explanation of the 

intracrustal layer is the intrusive magmatism that is associated with the MCR, which will be further 

discussed below. We also observe a negative-amplitude phase with varying delay times across the 

study area which corresponds to a negative velocity gradient (NVG). The coherent NVG is mainly 

observed in the northern part of the study area with delay times ranging from 8 to 9 s at the 

Anadarko Shelf and 7 to 11 s at the Nemaha Uplift and Northern Cherokee Platform regions, while 

an apparent eastward deepening occurs in the Nemaha Uplift region (Figure 2.4a, b, c).  
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Figure 2.4 Stacked RF traces for each station grouped by geological provinces and waveform 

characteristics. a) The Anadarko shelf, b) the Nemaha uplift, c) the Northern Cherokee Platform, 

d) the Anadarko Basin, and e) the Southern Cherokee Platform. The RF traces are plotted by station 

longitude at the Anadarko shelf and the Nemaha uplift region and by station latitude at the Northern 

Cherokee Platform, the Southern Cherokee Platform, and the Anadarko Basin. Interpreted 

intracrustal layer, P-to-S conversion of Moho, and negative velocity gradient (NVG) are marked. 

The stations of each subset are shown with different colors on top of the basement depth map of 

the study area (Campbell and Weber, 2006). 
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2.5.2 Moho Depth Map 

H − κ stacking of RF amplitudes has been used routinely for estimating the crustal Vp/Vsratio and 

Moho depth (Zhu and Kanamori, 2000; Persaud, Pérez-Campos and Clayton, 2007; Zhang et al., 

2016). Its suitability and stability vary from case to case due to different data and geologic 

conditions (McGlannan and Gilbert, 2016; Zhang et al., 2016; Ogden et al., 2019; Wang, Persaud 

and Behm, 2019; Wang, Behm and Chen, 2021). As our data are derived from different networks 

with different deployment periods, the number of high-quality events used for receiver function 

analysis for each station varies substantially throughout the study area (Appendix A2). Although 

the H − κ stacks themselves are mostly distinct and of relatively high quality, the obtained Moho 

depths and Vp/Vs ratios scatter significantly among neighboring stations (Appendix A2, Figure A2 

& A3: Moho depths at stations, and Vp /Vs ratio from H − κ  stacking). Therefore, we chose a 

different approach to create a Moho depth map. We determine depths at station locations from 

depth-converted individual RFs by taking advantage of a recently developed 3D P-wave velocity 

model (Ratre and Behm, 2021) and using an average Vp/Vsratio (1.830 ± 0.134) obtained from H −

κ stacking. As the 3D velocity model shows little lateral variation and considerable differences in 

depth coverage, we use a 1D velocity-depth function derived from averaging the whole 3D velocity 

model for all RFs. Due to the irregular station coverage, we prefer this simple and robust depth 

conversion over a move-out correction approach. Given the lack of pronounced lateral crustal 

variation (Ratre and Behm, 2021) as well as the overall flat appearance of the Moho as indicated 

in our RF results (Figure 2.5), we would expect no significant change in Moho depth if migration 

is applied.  
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Moho depths are picked semi-automatically at the maximum amplitude of the Pms phase on all 

individual depth-converted RFs (Appendix A2, Figure A4). We only pick the Pms phase where it 

is clearly pronounced and where it appears laterally consistent among adjacent stations. For that 

reason, we lack coverage in large parts of the Anadarko basin (compared with Figure 2.4d). The 

Moho depth beneath each station is represented by averaging all depth picks at each station. This 

procedure also allows estimating a relative uncertainty expressed as the standard deviation of the 

picked depths at each station. The average standard deviation amounts to 2.6 km, and the individual 

station values are shown in the appendices (Appendix A3, Figure A5). The final Moho depth map 

is then determined by interpolating the average depths at each station and subsequent smoothing 

with a Gaussian filter (Figure 2.5). The size of the smoothing filter is 50 km.  



 
 

35 

     

Figure 2.5 The interpolated Moho depth map. Grey lines indicate major basement faults. The red 

shape encompasses the possible continuation of the MCR into Oklahoma as proposed by C. A. 

Stein (2014). 

2.6 Discussion  

2.6.1 Moho Depths 

Early crustal-scale seismological investigations in Oklahoma provide crustal thickness estimates 

ranging from 45 km to 50 km (Tryggvason and Qualls, 1967; Mitchell and Landisman, 1970). The 
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deployment of the USArray provided a dataset with complete coverage of the midcontinent at a 

large station spacing (60 km) (Schmandt, Lin and Karlstrom, 2015; McGlannan and Gilbert, 2016; 

Shen and Ritzwoller, 2016b; Ma and Lowry, 2017). In these data, the Moho in Oklahoma shallows 

towards the east, which coincides with the large-scale transition from the mountain region to the 

mid-east continent (Shen and Ritzwoller, 2016b).        

In our study, crustal thickness ranges from 40 km to 55 km, which generally agrees with the 

previously published depth estimates. The new Moho depth map provides a laterally continuous 

and geologically plausible model of the regional crustal structure, as the depths based on our model 

are devoid of scatter among adjacent stations as seen in Moho depth compilations based on the 

USArray data (Schmandt, Lin and Karlstrom, 2015; Shen and Ritzwoller, 2016b; Ma and Lowry, 

2017). Moho depths in the Nemaha Uplift region and northern Cherokee Platform region appear 

relatively shallow (~41 – 44 km) when compared to the Anadarko Shelf to the west and the 

Cherokee Platform to the south (~44 – 47 km). The crust is significantly thicker (~50 km) in the 

northwestern part of the Anadarko shelf. This deepening trend toward the west is also found in 

many studies of the USArray (Schmandt, Lin and Karlstrom, 2015; McGlannan and Gilbert, 2016; 

Shen and Ritzwoller, 2016b; Ma and Lowry, 2017). Although the station coverage is relatively 

poor in the southernmost part of our study area, there is no significant shallowing or deepening 

trend towards the tectonically younger region, where several uplifts and fault zones exist close to 

the Southern Oklahoma Aulacogen.  

A regional shallowing of the Moho discontinuity is observed east of the Nemaha Uplift at the 

Northern Cherokee Platform. Although the depth extent of the crustal deformation resulting from 

Nemaha ridge tectonic activity is unknown, the literature suggests that the Nemaha Uplift and fault 
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zone represent an upper crustal feature only, which was formed in Late Mississippian-Early 

Pennsylvanian time (McBee Jr, 2003; Shah and Keller, 2017).  

The Nd line that goes across both Southern and Eastern Granite-Rhyolite Province is delineated 

by the spatial distribution of isotopic dating samples, defining the formation age variation between 

Paleoproterozoic and Mesoproterozoic (Bickford et al., 1981, 2015; Nelson and DePaolo, 1985; 

van Schmus, Bickford and Turek, 1996; Renee Rohs and van Schmus, 2007). Although the Nd line 

is not considered a structural boundary, studies of A-type plutons suggest a different origin of the 

lithospheric units south and north of the Nd line. The crustal thickness does not show significant 

variation across the Nd line which is consistent with previous RF analysis in the Eastern Granite-

Rhyolite Province near the Reelfoot Rift region (Chen et al., 2018). The isotropic and spatial 

analysis for the basement rock samples of the midcontinent also suggests a transitional zone 

instead of a sharp boundary between Paleoproterozoic and Mesoproterozoic crust (Bickford et al., 

2015), as the structure associated with the boundary might be overprinted by Phanerozoic 

deformation.   

 

2.6.2 Integration with basement depths, crustal velocities, and potential field 

datasets 

In order to put our results into a broader context and support the interpretation, we combine the 

stacked RF results with other observables: (1) a recently established 3D crustal P-wave velocity 

model by Ratre & Behm (2021), (2) the basement depth map of Campbell and Weber (2006), and 

(3) Bouguer gravity and magnetic reduced-to-pole (RTP) anomalies from the USGS (Magnetic 

anomaly map of North America [Map], 1987; Gravity anomaly map of North America [Map], 
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1988). We further superimpose depths from the interpolated and smoothed Moho map as well as 

the averaged depths and associated uncertainties at the individual stations. These datasets are 

visualized together with the depth-converted RFs along three vertical ‘pseudo-cross sections’ 

(Figs. 6 - 8). Along each section, the RFs of adjacent stations are plotted equidistantly. This 

approach has been chosen due to the highly irregular station spacing, which does not allow a 

meaningful migration or projection onto a straight line.  
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Figure 2.6 RF Pseudo-cross section A-B overlain with crustal P wave velocity anomaly (Ratre and 

Behm, 2021). The velocity anomaly represents the deviation of an average 1D velocity-depth 

function. The thick black line is the Moho depth extracted from the interpolated Moho depth map 

(Figure 2.5). The grey line is the intracrustal discontinuity, and the pink line denotes the MLD 

(mid-lithospheric discontinuity) of the upper mantle. This profile is from the Anadarko Shelf, 
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trending southeast, to the Cherokee Platform near central Oklahoma as shown in the inset map. 

Above the cross-section, the magnetic anomaly (green line), Bouguer gravity anomaly (red line), 

and basement depths (black line) along the profile are shown. The overlapping region of the 

proposed MCR with this profile is marked with a shaded rectangle. Note that the equidistant trace 

spacing does not represent true inter-station distances. Uncertainty of Moho estimation prior to 

interpolation and smoothing is plotted with blue error bars on top of the Pms phase.  

Pseudo-cross section A-B (Figure 2.6) crosses the study area from the NW corner through the 

Anadarko shelf, the Nemaha Fault zone, and the Central Cherokee Platform. The interpolated 

Moho depths correlate with the long-wavelength structure of the Bouguer anomaly, indicating a 

thickening of the crust towards the NW. It is also noted that the shallow crustal velocities are low 

in this region, while the RTP anomaly suddenly increases. The change of multiple geophysical 

observables and their associated rock properties may suggest the existence of a different and 

previously unmapped crustal/lithospheric unit in the NW of the study area, although our data do 

not strictly require such an explanation. The interpretation of a potential MLD is based on the 

correlation with adjacent stations along section A-C in the north, although the amplitudes are 

significantly weaker in section A-B. 

Pseudo-cross section A-C (Figure 2.7) starts in the same area as the section A-B but then follows 

a strictly easterly course and again crosses the northern part of the Nemaha Uplift and Northern 

Cherokee Platform. The local gravity high close to the Nemaha uplift correlates with a shallow 

positive velocity anomaly but no significant Moho depth variation. In the Cherokee Platform 

North, the Moho signature is rather distinct and indicates a depth of 42 km. As opposed to profile 

A-B, the RTP anomaly is almost constant in the northmost part of the Cherokee Platform, and the 

velocity model of Ratre and Behm (2021) shows moderate P-wave velocities in the upper crust. 
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Below the Moho, and in particular, in the central and eastern parts of the section, we find a 

pronounced negative conversion at depths ranging from 60 to 85 km. This mid-lithospheric 

discontinuity (MLD) is discussed in section 5.4. 

Following Ratre & Behm (2021), we attribute the short-wavelength gravity anomaly close to the 

Nemaha uplift to a crustal discontinuity which presents positive velocity anomaly. This location 

also corresponds to the MCR as proposed by Stein et al. (2018), but we find no significant variation 

in Moho depth or basement depth. The P-wave velocities in the upper crust are significantly 

increased. It is also noted that the RTP anomalies become more variable here and generally tend 

to weaken. A possible explanation for the variation of the crustal properties is the intrusive rift-

filling volcanics from MCR, which is further discussed in section 2.5.3.  
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Figure 2.7 RF Pseudo-cross section A-C overlapped with crustal P wave anomaly. This profile is 

from the Anadarko Shelf, trending east to the northern part of the Cherokee Platform. All lines, 

symbols and annotations are the same as in Figure 2.6. 
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Figure 2.8 RF Pseudo-cross section D-E overlapped with crustal P wave anomaly (Ratre and 

Behm, 2021). This profile is from the Nemaha Uplift, trending south, to the Arbuckle Uplift near 

the Southern Oklahoma Aulacogen. All lines, symbols and annotations are the same as in Figure 

2.6 while the location of the intersection between this profile and the Nd line is denoted.  
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Finally, we show a north-south trending pseudo-cross section crossing the entire Cherokee 

platform from north to south and ending in the Arbuckle uplift (Figure 2.8). The Moho again 

appears relatively flat in the northern part, and the long-wavelength gravity anomaly can be 

correlated with the decreased middle and lower crustal velocities. The significant rise of the gravity 

anomaly at the end of the section is not captured in our RF data due to its location at the edge, but 

we note that the crustal velocity model indicates a change to higher seismic velocities. Local 

magnetic anomalies correlate with shallow positive velocity anomalies.  

The intracrustal conversion is notable in all three profiles with a depth range from 15 to 30 km, 

and mainly occurs in the northern regions near the gravity anomaly high that delineates the MCR 

extension.  Cross-sections show the converter dips into the debated MCR region although its 

occurrence at the west of the MCR region is obscure (Figure 2.6, 2.7, 2.8). We interpret the 

intracrustal layer to be associated with limited rifting of MCR at the southern end, which is further 

discussed in the following section. 

2.6.3 Mid-Continent Rift 

The Mid-Continent Rift System, one of the largest failed rifts in North America, is characterized 

by prominent gravity and magnetic anomalies as a result of the thickened crust due to syn-rift and 

post-rift igneous material (Schmus & Hinze, 1985; C. A. Stein et al., 2015; Woelk & Hinze, 1991). 

Defined by the strong positive gravity anomalies, the southern extension of the MCR western arm 

into northern Kansas is widely accepted (Stein et al., 2015; S. Stein et al., 2018).   Several studies 

(Adams and Keller, 1994; S. Stein et al., 2018; Kolawole, Simpson Turko and Carpenter, 2020) 

also proposed a potential MCR extension into north-central Oklahoma (Figure 2.1) based on a 

significantly weaker gravimetric anomaly. Additionally, the sheet-like mafic intrusions found in 



 
 

45 

the Oklahoma basement and adjacent regions indicate broad crustal magmatism and an extensional 

regime origin, which can potentially be explained by the MCR rift-filling (Kolawole, Simpson 

Turko and Carpenter, 2020). In contrast, the hypothesis of MCR extension to Oklahoma and even 

down to Texas and New Mexico is questioned due to the absence of supporting magnetic anomalies 

and rift basin fillings from drill holes (Hinze and Chandler, 2020). The crustal velocity model of 

Oklahoma from local earthquake tomography does not suggest a significant velocity variation 

across the linear gravity anomaly (Ratre and Behm, 2021).  

Elling et al. (2020) proposed a structural model for each arm of the MCR by integrating the 

estimation of magma volume, seismic studies, and gravity models. These models delineate 

prominent crustal deformations due to the initiation and termination of rifting, including a 

symmetrical deepening of Moho with underplated mafic material overlaid, and a rift-filling 

volcanic package at mid-crustal levels. In the northern part of the MCR, these structures are 

confirmed by seismic surveys, in which two converted phases occur at the depth of 40-60 km, 

corresponding to the Moho discontinuity and underplate materials, and intracrustal discontinuities, 

corresponding to the mafic rift-filling (Zhang et al., 2016).       

The Moho depth map in our study does not show the pronounced symmetrical to semi-symmetrical 

deepening across the gravity anomaly region which is prominent in the northern part of the MCR. 

Although an eastward shallowing is present across the ‘MCR’ region (Figure 2.6 and 2.7), we 

interpret the Moho depth variation to be associated with continental-scale shallowing from the US 

mountain area to the mid-east continent rather than being MCR magmatism induced (Schmandt, 

Lin and Karlstrom, 2015; McGlannan and Gilbert, 2016; Shen and Ritzwoller, 2016b; Ma and 

Lowry, 2017). However, the intracrustal discontinuity that deepens from the Cherokee Platform to 

the west of the Nemaha Uplift may indicate rift-filling volcanic rock. The intracrustal layer 
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conversion phase is pronounced at the Nemaha Uplift region and Northern Cherokee Platform and 

the deepest occurrence of the conversion phase falls into the gravity anomaly region (Figure 2.7, 

2.8), whose depth agrees with the rift-basin volcanic filling of the MCR western arm model 

proposed (Elling et al., 2020). Underlaid by a relatively flat Moho, the mafic intrusion delineated 

by the deepened intracrustal discontinuity may produce the regional gravity anomaly high.  

Merino et al. 2013 proposed models of MCR along the rift axis based on intrusion volcanic volume 

and gravity anomaly, indicating a varied thickness of underplate and rift-filling volcanics from the 

Lake Superior Hotspot to the southern end of the west and eastern arm: the volume of volcanics 

intruded into the crust decrease from Lake Superior region at the north. Consequently, the 

decreased intrusive volcanic volume may correspond to less Moho deformation as the in-rift and 

out-rift Moho topography differences reduce from Lake Superior to Iowa and Kansas (Woelk and 

Hinze, 1991b; Moidaki et al., 2013; Zhang et al., 2016). It is reasonable to assume, as the rifting 

ceased, the extensional regime from Lake Superior failed to reach the southern end of the rifting, 

leaving undeformed Moho. Therefore, our observation of a relatively flat Moho and the existence 

of an intracrustal conversion may imply a configuration where the extensional regime ceased, 

leading to only minor deformation to the Precambrian crust. 

2.6.4 Mid-lithospheric discontinuity (MLD) 

The most striking feature in cross sections A-C and D-E is a NW-SE-dipping converter with 

negative polarity in the upper mantle in a depth range from 60 to 90 km and centered at the Nemaha 

uplift (Figure 2.7, 2.8), which represents upper mantle negative velocity gradients. While the dip 

resembles a subduction feature, the direction is opposed to the commonly accepted evolutional 



 
 

47 

model for the mid-continent where accretion occurred through SE-to-NW oriented subduction 

(Whitmeyer and Karlstrom, 2007). 

Upper mantle negative velocity gradients are reported in several seismological studies targeting 

the lithosphere (Plomerová, Kouba and Babuška, 2002; Kind, Yuan and Kumar, 2012b). In the 

North American plate, negative velocity gradients are also documented in USArray data (Kind, 

Yuan and Kumar, 2012b; Lekić and Fischer, 2014a; Hansen, Dueker and Schmandt, 2015; Hopper 

and Fischer, 2015a; Chen et al., 2018) and previous studies from more sparsely distributed stations 

across the continent (Abt et al., 2010; Yuan and Romanowicz, 2010). The negative velocity 

gradient in our data is right beneath the Moho at the Anadarko Shelf region (~ 60 km) and deepens 

towards the SE to around 85 km at the Cherokee Platform (Figure 2.7, 2.8), while its expression 

in the Southern Cherokee platform and in the eastern part of the study area is less pronounced. The 

negative velocity gradient likely represents a mid-lithospheric discontinuity (MLD) across the 

midcontinent. The depth of the conversion agrees with the continental-scale lithospheric structure 

studies (Yuan and Romanowicz, 2010; Kind, Yuan and Kumar, 2012b; Lekić and Fischer, 2014a) 

which show a similar upper-mantle MLD at 60-120 km, shallowing towards young provinces from 

the oldest part of the craton. 

There are multiple explanations for the MLD. The lithosphere-asthenosphere boundary (LAB) is 

a potential candidate. While multiple geophysical and geomechanical studies (Gung, Panning and 

Romanowicz, 2003; Griffin et al., 2004; Mareschal, 2004; Carlson, Pearson and James, 2005) 

suggest the LAB depth of the North American plate is between 200 and 250 km, some tomographic 

and receiver function studies indicate considerably thinner lithosphere according to a shallow 

negative velocity gradient (100-140 km) (Kumar et al., 2012). The LAB is assumed to represent a 

more gradual velocity decrease with depth and is usually well visible on S-to-P receiver functions. 
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Kumar et al. (2012) established a LAB depth map for the US-TA data and obtained depths of 

around 90 km for this region, which roughly agrees with the depth shown here. They also discuss 

the ambiguity of the definition and identification of the LAB and refer to other studies which find 

well-defined mid-lithospheric discontinuities (MLD) in continental settings (Abt et al., 2010; Yuan 

and Romanowicz, 2010).  

Another possible explanation for the MLD is related to ancient cratons. Based on variable 

anisotropy signature, some studies of the upper mantle structure of North America propose a 

stratified uppermost mantle (Yuan and Romanowicz, 2010; Kind et al., 2015),  which corresponds 

to different ancient cratons (Kind et al., 2015; Yuan & Romanowicz, 2010). The configuration of 

the stratified upper mantle may record an alternation of the cratonic lithosphere melt, and the MLD 

could reflect a lower boundary of ancient lithosphere that collided with the Laurentia plate.   

 

2.7 Conclusions 

Our RF analysis provides the first image of the Moho discontinuity in Oklahoma using teleseismic 

data recorded on multiple dense monitoring networks. It presents an update to previous studies 

that provide either local information along 2D lines or low-resolution models based on a large 

station spacing. Revealed by the depth-converted RFs, the Moho depth of central to central-north 

Oklahoma ranges from 40 km to 55 km, where the deepest Moho occurs at Anadarko Shelf to the 

northwest and shallows to the east, agreeing with the continental-scale crustal studies that present 

shallowing Moho from mountain region to the mid-east continent (Ma & Lowry, 2017; McGlannan 

& Gilbert, 2016; Schmandt et al., 2015; Shen & Ritzwoller, 2016). The Moho topography does not 

exhibit significant variation nor intrusive underplate across the debated MCR region, but an 
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intracrustal conversion that dips towards the linear gravity anomaly may suggest rift-filling 

volcanism in the upper crust. A mid-lithosphere discontinuity, presenting a coherent negative phase 

in the RF traces, is found beneath the Oklahoma crust with a range of depth from 60 km to 100 

km, in agreement with the depth of the upper mantle discontinuity suggested by continental-wide 

seismic studies (Abt et al., 2010; Chen et al., 2018; Hansen et al., 2015; Hopper & Fischer, 2015a; 

Kind et al., 2012; Lekić & Fischer, 2014a; Yuan & Romanowicz, 2010) 

Overall, our study also highlights the potential of local and regional seismic monitoring networks 

for investigating crustal and mantle structures. Further research should include analysis of potential 

anisotropic effects in the RFs as well as application of other methods such as teleseismic 

tomography and shear wave splitting. 
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Chapter 3 

3 High-resolution Receiver Function Imaging Using 

Local Earthquakes and a Multi-channel Inversion 

Routine   

3.1 Abstract  

Receiver-side converted earthquake waves, commonly known as receiver functions (RFs), have 

long been employed for deep earth structure investigations. However, challenges persist when 

attempting to achieve high-resolution imaging of shallow (e.g., basin-scale) subsurface features 

using teleseismic RFs.  In this study, we present a novel multi-channel blind deconvolution for 

computing RFs based on local and regional earthquake data from multi-station data. The proposed 

deconvolution method considers both the RFs and source wavelet of all local earthquakes in the 

dataset as unknowns and derives them by linearizing an overdetermined equation system in the 

frequency domain. This algorithm can reduce the instability of deconvolution for local earthquake 

receiver functions. Then, we apply the multichannel blind deconvolution to a local earthquake 

dataset from the nodal array deployed above the 2016 M5 Cushing earthquake sequence. The 

resulting RF profiles clearly depict the conversion of basement top interface at around 1.2 km 

depth, showing a remarkable correlation with the existing basement topography map. Notably, the 
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RF profiles reveal minimal displacement of the fault at the basement top interface, confirming the 

Cushing fault as a sharply delineated vertical strike-slip fault. 

3.2 Introduction 

P-wave Receiver Function (RF) is an established technique in seismology for studying crustal and 

mantle structures. Through deconvolving the vertical component recording of a sub-vertically 

arriving earthquake wave from the horizontal component, the computation of P-wave RF extracts 

the P-to-S conversions of the receiver-side impedance contrast. This generates a seismogram-like 

time series whose phase delays and amplitudes approximate the seismic subsurface structure below 

the receiver. P-wave RF is regularly applied on teleseismic events for imaging impedance 

boundaries of deep structures, from the upper mantle to mid-crust, such as Moho, subduction 

zones, and intracrustal layers (Zhu and Kanamori, 2000; Li et al., 2003; Persaud, Pérez-Campos 

and Clayton, 2007; Gans et al., 2011; McGlannan and Gilbert, 2016; Zhang et al., 2016; Liu, 

Persaud and Clayton, 2018; Wang et al., 2023).  

While conventional RF studies mainly focus on deep structures, approaches for regional-scale 

imaging using RF have emerged over the past decade (Leahy, Saltzer and Schmedes, 2012; 

Licciardi and Agostinetti, 2017; Ward, Lin and Schmandt, 2018; Subašić, Agostinetti and Bean, 

2019; Zhong and Zhan, 2020). Imaging small-scale structures in the shallow crust requires higher 

resolution RF with the capability of clearly recognizing geologic information from noise. To 

enhance the signal-to-noise ratio, stacking RFs from multiple events is a common practice, which 

suppresses the noise and strengthens the coherent phases. However, the non-uniqueness and data 

overfitting has been the main reason for impeding further improvement in RF resolution (Subaši´c, 

Agostinetti and Bean, 2019). Additional to stacking, efforts are made both in the acquisition and 

processing stages. The general approaches can be summarized as follows:  
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1) Exploiting high-frequency content from teleseismic events: 

Although the dominant frequency of teleseismic body waves is between 0.1 and ~1 Hz, 

some studies have proved that a higher frequency component in the teleseismic waveform 

can be applied to the receiver function (Leahy, Saltzer and Schmedes, 2012; Zhong and 

Zhan, 2020). Sophisticated ambient and background noise analysis in favor of enhancing 

the signal-to-noise ratio (SNR) can amplify the signal with the high-frequency component 

that is usually masked by noise (Liu, Persaud and Clayton, 2018). Harmonic decomposition 

is another recent technique to get transverse signals considered in some high-resolution 

receiver function studies (Bianchi et al., 2010).         

 

2) Implement the receiver function analysis on dense-spaced arrays:  

While RF analysis can include a great number of teleseismic events to emphasize the 

coherent phase, adopting a dense-spaced array for data acquisition can further enhance the 

S/N ratio of low-energy arrivals in the higher frequency band. This can be achieved by 

temporally deployed seismic nodes (Cheng et al., 2021; Leahy et al., 2012; Schmandt & 

Clayton, 2013; X. Wang et al., 2021; Ward et al., 2018; Zhong & Zhan, 2020). Additionally, 

dense array data can facilitate regional structure studies as small-scale variations can be 

characterized across the array(Cheng et al., 2021; Leahy et al., 2012; Schmandt & Clayton, 

2013; X. Wang et al., 2021; Ward et al., 2018; Zhong & Zhan, 2020).  

 

3) New algorithms:  

The most frequently used deconvolution methods in receiver function (water-level 

deconvolution, multi-taper frequency-domain deconvolution, time-domain iterative 
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deconvolution) introduced different processing steps to facilitate the deconvolution in time 

and frequency domain (Clayton and Wiggins, 1976b; Ligorría and Ammon, 1999b; Park 

and Levin, 2001). However, the side effects of these processes are also introduced in the 

receiver function waveform. For example, introduction of water-level generates side lobes 

and multitaper would decrease spectral resolution (Kolb and Leki, 2014). To avoid these 

algorithm-related uncertainties in traditional deconvolution methods, novel algorithms 

integrate statistics-based inversion into receiver function analysis to retrieve coherent 

conversion phases that associate with impedance boundaries (Kolb and Leki, 2014; Zhong 

and Zhan, 2020).   

  

Local and regional earthquakes that rupture at shallow crust are widely used for shallow crust 

imaging through tomographic methods. The converted phases of local and regional earthquake 

generated at shallow discontinuities have been observed in the earthquake recordings since 1990s, 

in which the attenuation properties of P-wave and S-wave can be estimated through spectral ratio 

of S wave and converted P-wave (Clouser and Langston, 1991; Chen, Chiu and Yang, 1994). 

Additionally, the arrival time differences between direct wave and converted wave is used to study 

basin structures (Umino, Hasegawa and Matsuzawa, 1995; Chen, Chiu and Yang, 1996; Bao et al., 

2021; Stone, Wirth and Frankel, 2021). However, there are only a few attempts on calculating 

receiver function from local and regional events.  Local earthquake receiver functions are 

confronted with two main challenges: the restricted investigation depth caused by the shallow 

propagation path, and the uncertainties associated with deconvolution when working with wider 

bandwidth local earthquake P-wave coda. 
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In this study, by taking advantage of a densely spaced receiver network geometry, we exploit 

seismic signals from local events and adapt a multichannel blind deconvolution method (Behm 

and Shekar, 2014) for calculating high-resolution RF for basin-scale imaging (< 2 km depth) from 

converted waves. The multichannel blind deconvolution can effectively enhance the coherent 

phases and suppress the noise by solving an overdetermined set of deconvolution equations. We 

introduce the multi-channel blind deconvolution for RF in the methodology section. We then 

demonstrate the feasibility of exploiting local events data in receiver function to image the ultra-

shallow basin-scale structures. Synthetic modelling is used to understand the pattern of P-wave 

related surface multiples and S-waves conversion of regional earthquakes on the vertical and 

horizontal components. Finally, we will present the result of applying the multichannel blind 

deconvolution to a real data set at Cushing Oklahoma, in which 22 prescreened local events were 

recorded over the one-month node deployment period.    

 

3.3 Method  

A P-wave RF rf(t) is a time series representing the receiver-side subsurface structure in terms of 

P-to-S-wave conversion coefficients. The basic notation in time domain is usually given as 

 

 𝑠(𝑡) = 𝑤(𝑡) ∗ 𝑟𝑓(𝑡) Eq. 1 
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where the * sign indicates convolution. In equation (1), w is the P-wave source wavelet and s is 

the converted S-wave.  

The conventional deconvolution approach for receiver function analysis approximates the source 

wavelet (w) from the observed vertical component recording (z) of the recorded event P-wave 

arrival, while the observed S-wave is taken from the horizontal components recording (h) of the 

event (Figure 3.1) such that equation (1) changes to 

 ℎ(𝑡) = 𝑧(𝑡) ∗ 𝑟𝑓(𝑡) Eq. 2 

This approximation is usually valid for teleseismic receiver function since the source events are 

teleseismic events with subvertical ray path at the receiver side such that P-waves dominate the 

vertical component and S-waves dominate the horizontal components. In equation (2), both h(t) 

Figure 3.1 Wave propagation diagram of receiver function and b) blind deconvolution scheme. 

Note the dashed line represents converted S-wave. 
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and z(t)  are now considered as observations (known data), while rf(t)  is the unknown model 

parameter. The receiver function (rf) is then simply calculated by deconvolving z(t) from h(t). 

However, the noise at both vertical and radial components may destabilize the deconvolution. The 

presence of noise and deviation from perfect vertical incidence are also the reasons why, in a strict 

sense, w(t) and s(t) in equation (1) have to be considered as unknowns.   

An intermediate form between equations (1) and (2) might be written as 

 h(t) = w(t) ∗ rf(t) Eq. 3 

When deconvolving the wavelet term w(t)  from the horizontal component h(t)  to obtain the 

receiver function rf(t) following the formulation in equation (3), the task transforms into a typical 

challenge of blind deconvolution, where two unknowns (w, rf) need to be recovered from one 

observation (h)(Stockham, Cannon and Ingebretsen, 1975). 

For the methodologically similar problem of imaging the receiver-side P-wave reflection series 

from surface-related multiples of teleseismic events, Behm and Shekar (2014) proposed a 

multichannel blind deconvolution method for data recorded at the vertical component of closely 

spaced receiver arrays. In the following, we show how we adapted this approach to the 

deconvolution in receiver function analysis. In their approach, Behm and Shekar (2014) depict the 

observed vertical component data as the superposition of a near-vertical plane wave (e.g., the 

wavefront of a teleseismic arrival) and its associated surface-related multiples (Figure 3.2): 

 z(t) = w(t) − w(t) ∗ r(t) Eq. 4 
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Figure 3.2 Wave propagation diagram of direct P wave and surface multiples. Note the dashed line 

represents surface reflected wave in the blind deconvolution scheme. 

where z(t)  represents vertical component data, w(t)  represents a plane wavefront of the 

earthquake P-wave source wavelet, and r(t)  characterizes the shallow two-way zero-offset 

reflectivity series, which captures the desired image of the subsurface structure. In their case, the 

superposition approach is required because they use low-frequency source wavelets (0.5 - 2 Hz) 

to model shallow (0.5 - 2 s two-way-travel time) subsurface structures. This also leads to the 

problem of blind deconvolution since w(t)  cannot be extracted from the recorded data and 

therefore needs to be considered as a second unknown. Behm and Shekar (2014) rely on a dense 

receiver network with a recording aperture which is small compared to the wavelength of 

teleseismic events. Consequently, for each event, the source wavelet w(t) is assumed stationary 
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across the array while the subsurface structure beneath each recording station is characterized by 

an unknown reflectivity series r(t). In a given recording system with station number of M and 

event number of N, eq. 4 can be written as 

 znm(t) = wn(t) − wn(t) ∗ rm(t) n=1,2,3……N
m=1,2,3……M

 Eq. 5 

where N equals the total number of recorded events, and M equals the total number of stations. 

For the recording system that satisfies N × M >  N + M , the equation 5 system becomes 

overdetermined. Therefore, rather than calculating the individual reflectivity structure r(t) of each 

station from single-station-based observation, the multichannel deconvolution resolves the 

reflectivity series through an inversion approach by establishing an overdetermined inverse 

problem regarding observation (vertical component z) and unknown elements (source wavelet w 

and reflectivity series r ). The primary assumption of setting up this inverse problem is the 

stationary source wavelet respect to the receiver aperture. This assumption can be fulfilled under 

a small array aperture against the wavelength of the teleseismic events when the body wave of 

teleseismic event can be considered as plane wave. However, the size of Fresnel zone and the 

magnitude of the impedance discontinuities would affect the wavelet invariance assumption.  

Comparing equations (1) and (4), we note a similar structure of the mathematical description of 

the models in terms of unknown subsurface structure and approximated source wavelets. We 

therefore adapt the multichannel deconvolution approach to the deconvolution calculation of 

receiver function traces. Unlike the common practice of receiver function deconvolution, the 

source wavelet is treated as an unknown element in this blind deconvolution system. Specifically, 

for a dense array with M stations, N × M observations of horizontal component data are produced 
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when a number of N events are recorded by this array. Then, the equation of the wavelet, receiver 

function and observations can be expressed in time and frequency domain (Eq. 6 & 7).   

 hnm(t) = wn(t) ∗ rfm(t) Eq. 6 

 Hnm(f) = Wn(f) ∙ RFm(f) Eq. 7 

The inversion of the multichannel blind deconvolution equation system is performed in frequency 

domain with respect to real and imaginary parts. The theoretical model S of a receiver function 

can be, then, explicitly rewritten into real (superscripting with R) part and imaginary 

(superscripting with I) part (Eq. 8 & 9).  

 𝑆𝑅(𝑊𝑛, 𝑅𝑚) = 𝑊𝑛
𝑅 ∙ 𝑅𝐹𝑚

𝑅 − 𝑊𝑛
𝐼 ∙ 𝑅𝐹𝑚

𝐼  Eq. 8 

 𝑆𝐼(𝑊𝑛, 𝑅𝑚) = 𝑊𝑛
𝑅 ∙ 𝑅𝐹𝑚

𝐼 + 𝑊𝑛
𝐼 ∙ 𝑅𝐹𝑚

𝑅 Eq. 9 

The equation system is overdetermined when either N or M is greater than 2, and, accordingly, can 

be solved through linearization regarding unknowns. The differences between the theoretical 

model S and the observation H are described by Eq. 10 & 11. For each frequency component of 

the unknowns ( Wn , Rm ), the real part and imaginary part of the spectrum are linearized, 

respectively (Eq. 12 & 13). 

 ∆𝑆𝑛𝑚
𝑅 = 𝐻𝑛𝑚

𝑅 − 𝑆𝑅(𝑊𝑛0
𝑅 , 𝑊𝑛0

𝐼 , 𝑅𝐹𝑚0
𝑅 , 𝑅𝐹𝑚0

𝐼 ) Eq. 10 

 ∆𝑆𝑛𝑚
𝐼 = 𝐻𝑛𝑚

𝐼 − 𝑆𝐼(𝑊𝑛0
𝑅 , 𝑊𝑛0

𝐼 , 𝑅𝐹𝑚0
𝑅 , 𝑅𝐹𝑚0

𝐼 ) Eq. 11 

 ∆𝑆𝑛𝑚
𝑅 =

𝜕𝑆𝑅

𝜕𝑊𝑛
𝑅 ⋅ ∆𝑊𝑛

𝑅 +
𝜕𝑆𝑅

𝜕𝑊𝑛
𝐼 ⋅ ∆𝑊𝑛

𝐼 +
𝜕𝑆𝑅

𝜕𝑅𝐹𝑚
𝑅 ⋅ ∆𝑅𝐹𝑚

𝑅 +
𝜕𝑆𝑅

𝜕𝑅𝐹𝑚
𝐼 ⋅ ∆𝑅𝐹𝑚

𝐼  Eq. 12 

 ∆𝑆𝑛𝑚
𝐼 =

𝜕𝑆𝐼

𝜕𝑊𝑛
𝑅 ⋅ ∆𝑊𝑛

𝑅 +
𝜕𝑆𝐼

𝜕𝑊𝑛
𝐼 ⋅ ∆𝑊𝑛

𝐼 +
𝜕𝑆𝐼

𝜕𝑅𝐹𝑚
𝑅 ⋅ ∆𝑅𝐹𝑚

𝑅 +
𝜕𝑆𝐼

𝜕𝑅𝐹𝑚
𝐼 ⋅ ∆𝑅𝐹𝑚

𝐼  Eq. 13 
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The partial derivatives are given by differentiation of Equation 8 and 9 

 
𝜕𝑆𝑅

𝜕𝑊𝑛
𝑅 = 𝑅𝐹𝑚

𝑅 Eq. 14 

 

 
𝜕𝑆𝑅

𝜕𝑊𝑛
𝐼 = −𝑅𝐹𝑚

𝐼  Eq. 15 

 

 
𝜕𝑆𝑅

𝜕𝑅𝐹𝑚
𝑅 = 𝑊𝑛

𝑅 Eq. 16 

 

 
𝜕𝑆𝑅

𝜕𝑅𝐹𝑚
𝐼 = −𝑊𝑛

𝐼 Eq. 17 

 

 
𝜕𝑆𝐼

𝜕𝑊𝑛
𝑅 = 𝑅𝐹𝑚

𝐼  Eq. 18 

 

 
𝜕𝑆𝐼

𝜕𝑊𝑛
𝐼 = 𝑅𝐹𝑚

𝑅 Eq. 19 

 

 
𝜕𝑆𝐼

𝜕𝑅𝐹𝑚
𝑅 = 𝑊𝑛

𝐼 Eq. 20 
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𝜕𝑆𝐼

𝜕𝑅𝐹𝑚
𝐼 = 𝑊𝑛

𝑅 Eq. 21 

 

Accordingly, the linearized equations (Eq. 12 & 13) can be formulated in matrix notation: 

 𝐁 ∙ 𝐱 = 𝐲 Eq. 22 

 

where 𝐱  is the vector of model parameter updates (∆Wn
R, ∆Wn

I  , ∆RFm
R ,  ∆RFm

I  ), 𝐲  contains the 

reduced observations (∆Snm
R , ∆Snm

I ), and 𝐁 consists of the partial derivatives.  

To exploit the coherency of dense-array RF and to stabilize the inversion, continuity constraints 

on the amplitude and phase of the RFs are added to the equation system. Amplitude and phase are 

considered as invariant among adjacent stations. The continuity equations (Eq. 23 & 24) are 

appended to the Equation 22, in form of a matrix 𝐂 and misfits 𝛕, 𝛗 (Eq. 25) in the exact same 

form as in Behm & Shekar (2014). The relative weight of the continuity constraints and their exact 

spatial behavior can be specified by weighting factors.  

 ∆τAB = τA − τB = √(RA
R + RA

I )2 − √(RB
R + RB

I )2 = 0 Eq. 23 

 𝛥𝜑𝐴𝐵 =  𝜑𝐴 − 𝜑𝐵 = 𝑡𝑎𝑛−1 (
𝑅𝐵

𝐼

𝑅𝐵
𝑅) − 𝑡𝑎𝑛−1 (

𝑅𝐴
𝐼

𝑅𝐴
𝑅) = 0 Eq. 24 

 [
𝑩
𝑪

] ∙ 𝒙 = [

𝒚
−∆𝝉
−∆𝝋

] = 𝑫 ∙ 𝒙 = 𝒚′ Eq. 25 

Finally, the Eq. 25 is solved for 𝐱 by the least-squares solution: 

 𝒙 = (𝑫𝑻 ∙ 𝑫)−𝟏 ∙ 𝑫𝑻 ∙ 𝒚′ Eq. 26 
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The initial model of source wavelet ( Wn0
R , Wn0

I  ) is assumed as stacking average of vertical 

component and the initial model of receiver function ( RFm0
R ,  RFm0

I  ) is assumed as zero 

conversions. Starting from this initial model, the least-square solution of the unknowns is, then, 

obtained through iterations of deriving model updates. Details of inversion parameters are 

introduced in the following sections. 

 

3.4 Forward modeling of local earthquakes 

Local earthquake data are commonly utilized for subsurface imaging through either tomography 

methods or reflection imaging methods (Calkins et al., 2006; Bao et al., 2021; Dangwal and Behm, 

2021; Ratre and Behm, 2021). However, there are significant challenges associated with receiver 

function analysis using local events. One of the challenges of local earthquake receiver function is 

the masking of the primary conversion phase by reverberations in the sedimentary rocks. Another 

concern about identification of the conversion phase is that the converted S-wave from shallow 

discontinuity may be obscured by the direct P-wave arrival.  

To assess the feasibility of local earthquake receiver function, synthetic local earthquake data 

(waveform) is applied using raytracing with the ANRAY modelling package (Figure 3.3; Gajewski 

& Pencik, 1987). The synthetic ray-tracing amplitudes of the radial and vertical components were 

calculated for receivers with varying epicentral distance from the source. The source is located at 

a depth of 5 km on a two-layer velocity model (Figure 3.3c). The depth of the discontinuity 

interface in the two-layer model is set at 2 km, with reference to the average basement depth in 

Oklahoma. The epicentral distance from the receivers to the source ranges between 100 – 300 km 

with 50 km spacing. As the dominant frequency of local earthquakes ranges between 2-10 Hz 
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(Archuleta and Ji, 2016), the synthetic waveform at five receivers was derived from the 

convolution of the ray-tracing amplitude and an 8 Hz minimum-phase Gabor wavelet. The velocity 

model is based on recently derived seismic models of Oklahoma (Ratre and Behm, 2021), 

assuming Vp/Vs ratio as 2.5 (Ratre, 2021) for the sedimentary section, while the sedimentary 

velocities follow a gradient function that represent an average velocity model of Oklahoma 

sediment column (Darold et al., 2015).  

We present the synthetic waveform for 2.5 s after the direct P arrival on vertical and radial 

component, which contains primary conversion Ps and reverberation phase (surface-related 

multiple P-reflection) PpP associated with the sedimentary column and sediment-basement 

impedance contrast. Our results show the presence of a converted S-wave at both vertical and 

radial components, occurring at approximately 0.5 seconds after the P-arrival. Notably, the radial 

component exhibits a substantially larger amplitude for the conversion phase compared to the 

subsequent reverberations, indicative of a robust conversion occurring at the sediment-basement 

interface. Also, the conversion phase is well-isolated both from the direct P wave arrival and 

reverberation phases.  
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Figure 3.3  Synthetic waveform of local earthquakes and diagram of wave propagation at receiver 

side. a) Synthetic vertical component of local earthquakes at five receivers with different epicentral 
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distance b) Synthetic radial component of local earthquakes at five receivers with different 

epicentral distance c) Wave propagation diagram with phases that are considered in the synthetic 

waves. Note that the dashed line represents converted S-wave. 

 

3.5 Application of the blind receiver function methodology to real 

data 

In this study, we apply the blind multichannel deconvolution to a dataset collected by a dense-

spaced nodal array at Cushing, Oklahoma to image the basement-sediment interface in a fault zone. 

In 2015, more than 100 shallow earthquakes ruptured in a basement fault system several kilometers 

west of Cushing, a historically low-seismicity area in central Oklahoma(Deng, Liu and Chen, 

2020). The seismicity sequence reveals a previously undetected N60E striking fault, which, 

following the 2015 sequence, ruptured the Mw 5.0 earthquake on November 7th, 2016, and its 

aftershocks(Deng, Liu and Chen, 2020; Qin et al., 2022). We deployed a nodal array in 2021 at 

East Cushing to investigate the fault structure and local induced seismicity (Wang & Behm, 2020). 

Local and regional small to moderate earthquake events recorded by this nodal array are used for 

receiver function analysis to image the basement interface and fault displacement at the basement 

using blind multichannel deconvolution.   

3.5.1 Area and geology 

Cushing, located at central north Oklahoma, is a major hub of U.S. crude oil and gas storage and 

transportation where multiple pipelines intersect (McNamara et al., 2015). Though situated at a 

tectonically quiet area, Cushing has received attention from seismological community after the 
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occurrence of Mw 4.0 and Mw 4.3 earthquake in 2014, which reactivated a complex conjugate 

fault system in the shallow subsurface of Pawnee County(McNamara et al., 2015; Qin et al., 2022). 

Another fault system is revealed by a sequence of basement earthquakes at the west of Cushing 

town in 2015. The earthquake sequence originated at a depth of approximately 3.8 km, where 

ruptured the M5.0 event in 2016 as well as some earliest seismicity of this sequence (Qin et al., 

2022). The current understanding of the fault zone is largely based on relocated earthquake 

hypocenters, showing a narrow vertical fault zone trending N60°E, with few secondary faults 

(Deng, Liu and Chen, 2020; Qin et al., 2022). Studies of the earthquake source mechanism with 

injection records suggest a correlation between the earthquake rupturing and fluid injected into the 

Arbuckle formation (McGarr and Barbour, 2017; Yeck et al., 2017; Ratre, 2021; Qin et al., 2022).  

The crust of the US midcontinent formed through a series of accretion from 1.5 Ga to 1 Ga, while 

the basement of Oklahoma was generated by Mazatzal Orogeny 1.65-1.6 Ga, composed of highly 

crystalized Granite and Rhyolite(Bickford et al., 2015; Wang et al., 2023). While exposed at 

southern Oklahoma, the crystalline basement is broadly overlain by sedimentary rocks deposited 

from Cambrian to Pennsylvanian with the post-Pennsylvanian rocks eroded (Kolawole, Simpson 

Turko and Carpenter, 2020; Caf, 2022). Particularly, the Arbuckle group, deposited during the 

Cambrian and Ordovician periods, is situated atop the Precambrian basement(Elebiju et al., 2011; 

Ansari, Bidgoli and Hollenbach, 2019; Deng et al., 2021). The basement depth to surface varies 

substantially from the Anadarko basin to shelf-to-platform geological provinces in northeast 

Oklahoma while the depth to basement top at Cushing is around 1.1 km (Crain and Chang, 2018).   
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3.5.2 Data  

In this study, the data used for multichannel blind deconvolution is from a dense spaced nodal 

array deployed at west Cushing, right above the fault that ruptured the Mw 5.0 earthquake in Dec 

2016 (Figure 3.4). The array is composed of 130 3C ZLAND nodes, deployed in a grid pattern 

along roads, with 200m and 250m station spacing. The nodes have a corner frequency of 5 Hz but 

were shown to be sensitive down to 0.2 Hz (Ringler et al., 2018). The deployment provided a 

continuous data set from Nov 5th, 2019, to Dec 16th, 2019.  

 

Figure 3.4 Map view of Cushing nodal array and 2015 earthquake sequence overlaid by basement 

depth. The background is the basement depth map derived from basement penetrating wells 

(Northcutt and Campbell, 1996). Two coordinate axes (inline, crossline) used in the following 

figures are plotted in yellow arrows. 
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Following the Oklahoma Geological Survey catalog, we prescreened the waveform of small to 

medium magnitude (Mw 2.0 to Mw 5.0) earthquake events whose epicenter distance to the nodal 

array is in range of 100 km to 500 km. The main criteria for event selection are that the P-wave 

and converted S-wave phases have a high signal-to-noise ratio. Following this criterium, 23 

regional and local earthquakes are selected for receiver function analysis (Figure 3.5, Table. 3-1).   

Table 3-1 Local and regional events information 

Longitude Latitude Depth (km) Magnitude (Mw) Date Time Distance (km) Back-Azimuth 

-97.406 34.381 5.2 2.7 11/9/2019 10:22:17 185.2475405 197 

-95.376 35.136 5.9 2.8 11/10/2019 11:00:32 157.8058264 125 

-95.373 35.14 4.7 2.6 11/10/2019 19:58:31 157.7637823 125 

-98.161 36.307 6.1 2.7 11/10/2019 20:50:46 129.3359003 287 

-96.902 38.395 5 3 11/10/2019 23:21:11 269.2186977 357 

-97.64 36.274 7.2 2.6 11/12/2019 6:35:15 83.99274668 293 

-95.37 35.138 5.9 2.8 11/13/2019 20:35:31 158.115445 125 

-97.708 36.369 8.8 3.6 11/21/2019 5:44:36 94.05441079 298 

-95.354 35.133 6.6 2.7 11/21/2019 16:04:08 159.6204301 125 

-98.191 36.294 6.2 3.7 11/21/2019 21:54:05 131.5333346 286 

-98.188 36.291 6 3.6 11/21/2019 21:54:49 131.1853681 286 

-98.068 35.852 6 2.8 11/26/2019 15:43:07 116.5585316 263 

-96.181 34.472 5 2.6 11/27/2019 11:39:42 175.1600874 161 

-95.385 35.109 6.8 2.6 11/28/2019 13:43:06 158.9471979 126 

-97.797 37.502 2.2 2.9 11/29/2019 7:34:06 192.4439556 332 

-97.802 37.508 5 2.5 11/29/2019 9:50:31 193.2399175 332 

-97.813 37.511 5 2.6 11/29/2019 18:20:07 193.9959751 332 

-95.367 35.135 6.2 2.7 11/29/2019 23:38:49 158.5326431 125 

-95.412 35.165 20.2 2.6 11/30/2019 21:56:36 153.2582246 125 

-95.327 35.14 6.8 3.1 12/2/2019 21:36:15 161.166355 124 

-98.176 36.291 5.6 2.8 12/2/2019 22:22:03 130.1458746 286 
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-98.152 36.363 6.1 2.8 12/4/2019 14:30:22 130.4567665 289 

-98.15 36.359 6.3 3 12/4/2019 14:31:16 130.1425786 289 

     

 

Figure 3.5 Map view of local and regional events used in this study. Earthquake events are plotted 

in red circles in different sizes which represent the relative magnitude of each event.  
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Figure 3.6 An example of a local earthquake recorded by selected stations of the Cushing array. 

Event information: epicentral distance: 1.01 degrees; Magnitude: 2.8 (Mw) a) Raw vertical 

component of this event. b) Normalized power spectral density of this event. The power spectral 

density of each single trace in a) present green lines while the red line indicates average power 

spectral density of all selected traces c) Aligned radial component of this event raw vertical 

component of this event. D) Aligned vertical component of this event. 
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3.5.3 Application and results 

Using the local earthquake data recorded by the Cushing Array, we applied the multichannel blind 

deconvolution approach to obtain the receiver functions below each node to provide insight into 

the basement structures of the Cushing fault zone.  

To ensure the performance of multichannel blind deconvolution on regional and local earthquakes, 

the events underwent a series of pre-processing procedures: 1) The north and east component of 

each event is rotated to radial component with the back azimuth. 2) A Butterworth bandpass filter 

(1-15 Hz) is applied to the vertical and radial component as the dominant frequency of the local 

and regional earthquake body waves is 2-10 Hz. 3) Vertical and radial components are aligned with 

respect to the arrival time of the direct P arrival, e.g., the P-wave onset is picked on all traces, and 

within each event gather all traces are shifted by the time difference of the pick and the earliest 

arrival time in the gather. 

The inversion process for wavelet and receiver function entails deriving the least square solution 

of Eq 24, wherein the parameters of the real and imaginary components of the wavelet and receiver 

function are represented in the 𝐱 vector. The inversion process for the receiver function begins 

with a zero-conversion model. The inversion applies singular value decomposition to the matrix 

𝐃, where only eigenvectors are used where the ratio of the associated singular value to the largest 

singular value is larger than 0.1. The inversion process comprises 30 iterations, with the model 

being updated at each iteration. Prior to adding an update to the previous model, a damping factor 

of 0.2 is applied to the update at each step. The weight assigned to the source wavelet model is 

0.1, while the conversion model has a weight of 1. Additionally, assuming little variation of the 



 
 

86 

basement structure across the short distance covered by the array, a conversion continuity 

constraint is imposed, with an amplitude weight of 0.1 and a phase weight of 1.  

The multichannel blind deconvolution inversion produces a single receiver function at each node 

which represents a conversion model beneath this station. As the Cushing nodal array is deployed 

in grid configuration above the earthquake sequence cluster, we present the receiver function 

results of all stations in relation to the fault strike (Figure 3.7 & Figure 3.8). Given the indications 

from previous investigations on the relocated hypocenters of the Cushing fault sequence, which 

suggest a sub-vertical fault plane with strike-slip motion, we proceed to approximate the fault trace 

as a linear path depicting the hypocenters cluster on the map view (Figure 3.4). We mainly examine 

the receiver function results in pseudo-cross-sectional plots, specifically with respect to the relative 

positioning of the stations and the fault strike. For every node, an in-line distance is determined by 

projecting the node onto a vertical plane parallel to the fault strike, which is represented as a linear 

path. The start of this “fault inline axis” is chosen to coincide with the node station NN-2015 in 

the southwestern corner of the array (Figure 3.4). Accordingly, a crossline distance is calculated 

as the perpendicular distance from the node to the inline axis, where positive crossline distances 

are north of the fault and negative distances correspond to the southern side of the fault.  

Figure 3.7 shows the pseudo-cross-section with receiver function time series sorted by crossline 

distance. Negative values correspond to nodes located on the northwestern side of the fault trace, 

while positive values indicate nodes situated on the southeastern side of the fault. The RF traces at 

crossline distance 0 around the center of the cross-section are situated at the fault. The dominant 

feature is characterized by a phase with positive amplitude at an average delay time of 0.5s. Figure 

3.8 shows the pseudo-cross-section with RF sorted by in-line distance. The clear positive 
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conversion phase with delay time of ~0.5s implies the presence of an impedance contrast with 

higher impedance beneath it. 
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Figure 3.7 Projection of all blind RFs on a vertical plane perpendicular to the fault strike (see 

yellow axes in Figure 3.4). Note the prominent P-to-S conversion that is marked by dashed line.  
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Figure 3.8 Projection of all blind RFs on a vertical plane parallel to the fault strike (see yellow 

axes in Figure 3.4). Note the prominent P-to-S conversion that is marked by dashed line. 

Oklahoma Geological Survey provides a regional depth map of the pre-Cambrian basement mainly 

derived from well data (Crain and Chang, 2018). There is no basement-penetrating well in the 

Cushing area, and the basement depth contour presented in Figure 3.4 is based on interpolation of 

nearby wells. According to this regional basement depth map, the thickness of the Cambrian to 

Pennsylvanian sedimentary sequence amounts to ca. 1.2 km in the Cushing area.  Studies on 

earthquake relocation (Qin et al., 2022) suggests a high Vp/Vs ratio (2.5 for sedimentary layer) for 



 
 

90 

the sedimentary stack at central Oklahoma (Ratre, 2021). Using this Vp/Vs ratio, we convert the 

conversion times according to Eq. 27.  

  𝐻 = 𝑡𝑝𝑠 ∗ (
1

√
1

𝑉𝑝
2−𝑟𝑎𝑦𝑝2

−
1

√
1

𝑉𝑠
2−𝑟𝑎𝑦𝑝2

) Eq. 27 

Where rayp stands for the ray parameter of direct P wave and H represents the conversion depth. 

A raw estimation of the conversion depth can be derived from the Eq. 27 by taking ray parameter 

0.00216 s/deg for an average crustal model and average epicentral distance of 180.2 km and 

sedimentary Vp of 3.5 km/s with 2.5 Vp/Vs ratio(Ratre, 2021; Tan, Langston and Ni, 2021). 

According to this velocity model, a RF conversion phase at 0.5 seconds corresponds to a depth of 

1.18 km, which fits remarkably well with the basement depth map by OGS(Figure 3.9; Crain and 

Chang, 2018). Also, the shallowing trend towards the north in the basement depth map is reflected 

in the RF inline section. Therefore, we interpret the dominant positive conversion phase as the top 

of the pre-Cambrian basement. 



 
 

91 

 

Figure 3.9 Zoomed projection of all RFs by in-line fault distance with extracted basement depth 

(solid black line) from OGS basement map (Figure 3.4). Depth derived from the velocity model 

mentioned in the text is labeled on the ride side of this pseudo-cross-section.  

 

3.6 Discussion 

3.6.1 Shallow RF imaging with local earthquakes 

The results obtained from the blind receiver function analysis clearly show a distinct primary P-

to-s conversion phase. Based on synthetic modelling and regional basement depth maps, we 

interpret this conversion as the upper boundary of the Pre-Cambrian crystalline basement. Previous 

RF studies on high-resolution imaging using receiver function have investigated different 

approaches to identify the shallow high-frequency conversion from the teleseismic low-frequency 



 
 

92 

P-wave coda (Leahy, Saltzer and Schmedes, 2012; Licciardi and Agostinetti, 2017; Liu, Persaud 

and Clayton, 2018; Subašić, Agostinetti and Bean, 2019; Subašić, Piana Agostinetti and Bean, 

2020). These approaches push the capability of imaging shallow crust using teleseismic receiver 

functions. However, the lack of high-frequency components remains an inherent issue in 

teleseismic receiver function analysis.  

The converted teleseismic body wave generated from shallow crustal impedance discontinuities is 

typically concealed within the P-wave coda (Wang et al., 2023). Consequently, the associated 

conversion phase can be masked by the P arrival peak in conventional receiver function 

waveforms. Furthermore, compared to the conversion of prominent discontinuities (e.g., Moho, 

midcrustal discontinuity), the primary conversion generated from shallow impedance discontinuity 

in RF exhibits lower amplitude due to minor impedance contrasts, making it susceptible to 

interference with noise (Cassidy, 1992). 

While regional and local earthquake events are commonly employed in other seismological 

methods like seismic tomography and surface wave tomography, there have been few attempts to 

utilize non-teleseismic events in receiver function studies. The exception is found in some studies 

focused on subduction zones(Phillips et al., 2012; Phillips and Clayton, 2014; Ryan et al., 2016), 

where local events at sufficient depth (50-100 km) can generate near-vertical incident conversion 

waves at the Moho and subduction zone. 

Under general conditions, there are three concerns regarding the use of local events in receiver 

function studies. Firstly, local events usually rupture at shallow depths, resulting in ray paths that 

do not penetrate deep into the mid-to-lower crust. Therefore, the local or regional P-wave coda 

does not capture deeper conversions. Additionally, the relatively large incident angle associated 

with local events raises concerns, as receiver functions are presumed to represent structures 
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beneath the receiver when up-coming P-wave follows a near-vertical ray path. Thirdly, the 

inclusion of the high-frequency component of local and regional earthquake events results in 

increased levels of uncertainty within the deconvolution algorithm, as it incorporates the combined 

response of the local geology heterogeneity and the high-frequency noise. The uncertainties, which 

cannot be contained simply by frequency-based filter, introduce instability to the algorithm and, 

hence, lead to confusions for interpretation. The first two concerns related to the ray path geometry 

and depth coverage of receiver function analysis can be significantly mitigated when investigating 

basin-scale structures near the surface and basement upper boundary, as the incident wave from 

local and regional event can be considered subvertical in the upper most basement. The third 

concern can be well resolved using multichannel blind deconvolution, as the unknown source 

wavelets and RF are inverted simultaneously with a model approach which effectively projects 

random noise to a larger data misfit. Additionally, random-noise-induced spurious phases are 

suppressed by the horizontal continuity constraint in this dense-spaced network geometry. 

Consequently, the basement top interface of the study area is well depicted by the multichannel 

blind deconvolution approach applied to local and regional earthquakes.    

 

3.6.2 Cushing Fault structure  

The most common application of teleseismic receiver function is to investigate horizontally 

layered subsurface discontinuities.  Subvertical-faults may only be clearly seen in RFs if the fault 

zone is broad or associated with a significant vertical fault offset. Few receiver function studies 

can infer the geometry of the fault with vertical displacement by examining the amplitude and 

phase variation of horizontal conversions across the fault (Wilson et al., 2004; Lucente et al., 2005; 
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Liu, Persaud and Clayton, 2018). However, the geometry of large-scale low-angle shear zones, 

such as subduction zone and thrust, which give rise to notable impedance contrast, can be inferred 

through the analysis of direct conversion signals generated at the interface(Li et al., 2003; Schulte-

Pelkum and Mahan, 2014; Park and Levin, 2016; Cheng et al., 2017; Ward, Lin and Schmandt, 

2018).  

The depth of relocated hypocenters of the Cushing M5 earthquake sequence ranges from 5 km – 

3 km, indicating failures in the pre-Cambrian crystalline basement (Deng, Liu and Chen, 2020). 

The focal mechanism analysis suggests a N60°E left-lateral strike-slip pattern which agrees with 

the near-East-West maximum horizontal stress at this area(Qin et al., 2019, 2022). However, a 

segment at the northeast part of the main fault exhibits more normal faulting components (Qin et 

al., 2022). Figures 3.10, 3.11, and 3.12 illustrate the receiver functions obtained from two east-

west paths and a north-south path that intersect the fault surface projection at an oblique angle.  

With an assumed P-wave velocity of 3000m/s in the sedimentary layers, the multichannel blind 

RF technique can achieve an estimated vertical resolution of approximately 30 meters. This 

resolution is achieved when utilizing local earthquakes with a dominant frequency of 10 Hz. This 

observation implies that there is no substantial vertical displacement occurring on the top of the 

basement across the fault zone under the current resolution of blind RFs.  

Figure 3.13 shows the relative location between the relocated hypocenters and the crossline blind 

RF pseudo-cross-section, which is labeled with estimated depth, assuming an average Vp/Vs ratio 

of 2.5 (Ratre, 2021) and an average Vp of 3.5 km/s (Tan, Langston and Ni, 2021). It is noted that 

this depth conversion is only valid for the section above the converter, as the higher basement 

velocities are not incorporated due to the lack of converted energy below the interpreted basement 

converter. The sub-vertical strike-slip fault is depicted by the sequence cluster. The conversion 
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phase corresponding to the basement top shows a similar delay time across the array, suggesting 

that there is no significant displacement of the shallow part of the fault system at the basement. 

Nonetheless, it is worth noting that the conversion phase directly above the fault displays weaker 

continuity than the conversion phase further away from the fault zone. This anomaly may indicate 

the presence of a shear zone extending upward from the ruptured area.  

 

 

Figure 3.10 Left: RF cross-section of an east-west path in the array. Red line: interpreted basement 

top conversion. Right: Map view of the array geometry, with black line denoting the cross-section 

array shown in the left. The red, green and blue circles mark the start station, intersection with the 

fault strike and end station of the cross-section, respectively.  
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Figure 3.11 Left: RF cross-section of an east-west path in the array. Red line: interpreted basement 

top conversion. Right: Map view of the array geometry, with black line denoting the cross-section 

array shown in the left. The red, green and blue circles mark the start station, intersection with the 

fault strike and end station of the cross-section, respectively.  
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Figure 3.12 Left: RF cross-section of an north-south path in the array. Red line: interpreted 

basement top conversion. Right: Map view of the array geometry, with black line denoting the 

cross-section array shown in the left. The red, green and blue circles mark the start station, 

intersection with the fault strike and end station of the cross-section, respectively.  
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Figure 3.13 Projection of RFs and M5 Cushing sequence hypocenters (black circles) 

perpendicular to the fault following the diagram in Figure 3.3. Black line: interpreted basement 

top conversion. Red square box: area of basement conversion right above the vertical fault 

geometry. Depth derived from the velocity model mentioned in the text is labeled on the ride 

side of this pseudo-cross-section.   
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3.7 Conclusion 

We developed a multi-channel blind deconvolution routine to calculate the receiver function from 

the local and regional earthquake. Through synthetic modelling of local and regional earthquakes, 

we show that the conversion and multiple phases are distinctive in the P-wave coda on both vertical 

and horizontal components and therefore are feasible for RF analysis. By applying the 

multichannel blind deconvolution to Cushing nodal array data, we present the resulting RFs by the 

relative positions of the array nodes in relation to the fault surface projection trace.  The RF profiles 

clearly depict the basement top at around 1.1 km, remarkably matching the previously published 

basement topography map. Upon analyzing the basement top conversion above the Cushing fault 

plane, we found that near the upward extension of the fault zone, there is minimal displacement 

on the conversion phase. This finding indicates that the fault either has negligible vertical 

displacement or does not extend into the sedimentary layers. 
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Chapter 4 

4 Comparative Analysis of the Teleseismic Event 

Record by Multiple Distributed Acoustic Sensing 

Arrays  

4.1 Abstract  

Distributed Acoustic Sensing (DAS) is an emerging technique which records the relative strain 

variation along an optical fiber. Unlike the traditional standardized seismometer, a DAS array, 

especially established via dark fiber, may exhibit distinct responses to the ground motion along the 

fiber due to the variations in fiber coupling, surrounding noise level, array geometry and 

interrogator type. In this study, we present a comprehensive analysis of the 2021 Mw8.2 Alaska 

earthquake recorded by three DAS arrays located at Enid, OK, Ridgecrest, CA, and State College, 

PA, and comparison with nearby broadband seismic stations. We begin by reviewing the bandpass 

filtered DAS data from each array during the teleseismic wave incident period, which reveals 

distinct signal-to-noise ratios among the three datasets and within the internal sections of each 

array. We further stack the DAS waveform by individual segments defined according to the array 

geometry and compare them with waveforms from nearby broadband seismometers after rotating 

the horizontal components to the fiber segment orientation. Notably, all three DAS arrays exhibit 

the capability to capture low-frequency signals with variable signal-to-noise ratio, such as surface 

waves. Finally, we apply receiver function analysis to a segment of the Enid DAS array and find 
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comparable conversion phases to those obtained from nearby broadband stations, demonstrating 

applicability of DAS array on deep structures.  

 

4.2 Introduction 

Over the past decade, distributed acoustic sensing (DAS) has gained recognition as a promising 

ground motion monitoring method within the field of geophysics. With the advances of optical 

time-domain and frequency-domain reflectometry in distributed optical fiber sensing in 1980s, 

dynamic strain variation monitoring has become possible for DAS (Aoyama, Nakagawa and Itoh, 

1981; Jousset et al., 2018; Lindsey and Martin, 2021). By installing an interrogation system at one 

end of the optical fiber, lasers are sent into the fiber and subtle phase shifts on the Rayleigh back-

scattered light can be recorded, conveying the strain perturbation along the fiber (Mateeva et al., 

2012; Li, 2021). Strain or strain rate is calculated based on a spatial increment of the fiber, termed 

gauge, whose length is determined by the wavelet length of interrogated laser and sample rate. 

With continuously recorded strain or strain rate at each gauge, DAS repurposed the optical fiber 

as a seismic array with thousands of single-component channels (Jousset et al., 2018; Zhan, 2020; 

Li, 2021; Lindsey and Martin, 2021).  

Extensive research and practical implementations of DAS have emerged, particularly in 

seismology and the oil and gas industry. Within the energy sector, DAS finds predominant 

utilization in downhole environments, enabling in-situ monitoring for injection and hydraulic 

fracturing operations (Jin and Roy, 2017; Byerley et al., 2018; Sun et al., 2021). DAS-based 

Vertical Seismic Profiles (VSP) have widely supplemented traditional downhole geophones, 

facilitating comprehensive cross-well characterization (Mateeva et al., 2012). Continuous data 
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recording at the interrogation system simplifies real-time monitoring of downhole DAS 

deployments compared to wireline crews. This advantage allows for time-lapse observations 

throughout various stages of hydraulic fracturing (Byerley et al., 2018). Additionally, downhole 

DAS applied for microseismic event monitoring and characterization provides significantly higher 

data fold compared to conventional downhole geophone arrays (typically 10-50 geophones) 

(Verdon et al., 2020). 

In the seismological community, DAS data supplements the conventional collection of seismology 

data, which primarily consists of data from broadband stations, short-period seismometers, and 

temporarily deployed nodes (Zhan, 2020; Lindsey and Martin, 2021). Dark fiber, referring to 

unused telecommunication cables, provides readily available optical fiber for seismology studies 

in urban areas where dense installation of traditional seismometers is challenging. This enables 

studies that incorporate ground motion and urban areas surveillance, including factors such as 

traffic and regional events (Chambers, 2020; Zhan, 2020). Additionally, DAS data obtained from 

existing submarine telecommunication cables fills the data gaps in the oceans, where seismic 

instrumentation is limited (Williams et al., 2019). DAS studies utilizing submarine cables 

contribute valuable insights into submarine earthquake monitoring, surface gravity waves, and the 

oceanic environment (Cantono et al., 2021; Castellanos et al., 2022; Williams et al., 2019). 

Over the past five years, seismological studies have focused on characterizing waveforms of DAS 

data (Lindsey et al., 2017; Ajo-Franklin et al., 2019; Yu et al., 2019; Lindsey, Rademacher and 

Ajo‐Franklin, 2020; Muir and Zhan, 2021), which has led to the integration of seismological 

imaging techniques such as ambient noise interferometry, tomography, and receiver function 

analysis with DAS (Lancelle, 2016; Jousset et al., 2018; Ajo-Franklin et al., 2019; Yu et al., 2019; 

Lindsey, Rademacher and Ajo‐Franklin, 2020). Although numerous studies have demonstrated the 
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ability of DAS to capture waveforms comparable to those recorded by traditional seismometers 

(broadband, short period, and nodes), the utilization of DAS data in earthquake seismology is still 

in its early stages. Linsey et al. (2017) conducted a comparison between DAS data and precisely 

calibrated seismometer data below 1Hz, specifically teleseismic and ocean microseismic events, 

and found a highly correlated waveform between DAS and the co-located seismometer. Ajo-

Franklin et al. (2019) reviewed regional and teleseismic DAS waveforms, analyzing the observable 

phases and waveform differences across different fiber installation geometries. Yu et al. (2019) 

investigated the potential of DAS in teleseismic studies by analyzing receiver functions derived 

from DAS data, and vertical component of a broadband seismometer. Their analysis showed highly 

correlated phases between the DAS receiver functions and those derived from a seismometer. 

While there have been numerous earthquake seismology studies conducted using DAS data, the 

comparison of DAS waveforms across different DAS arrays remains limited. Due to the fact that 

dark fiber is typically deployed by telecommunication companies, seismologists do not have 

access to the specific deployment details of the fiber arrays.  Variations in deployment factors such 

as burial depth, coupling, installation geometry, and surrounding noise levels among different DAS 

arrays can lead to discrepancies in data quality and earthquake responses. In this study, we present 

an analysis of waveform comparisons across multiple DAS arrays (Ridgecrest, CA, Enid, OK, and 

FORESEE-urban array at State College, PA) for a mega earthquake event (Mw8.2 Alaska 

Peninsula, July 29, 2021). We examined the strain/strain rate waveform of the DAS arrays in the 

aspects of body wave phases and the spectral component. For comparison, we convert the DAS 

strain/strain rate to particle velocity and utilize the waveforms obtained from nearby broadband 

seismometers. Additionally, we provide the results of the DAS receiver function derived from a 
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segment of the Enid DAS array, demonstrating comparable conversion phases to the receiver 

functions obtained from broadband receivers. 

4.3 Array and Data information  

On 29 July 2021, a great earthquake (Mw 8.2) ruptured at the plate boundary along the Alaska 

Peninsula, which is clearly detected by networks across the US (Liu, Lay and Xiong, 2022; Ye et 

al., 2022; Liu et al., 2023). By accessing the data from three DAS arrays (Figure 4.1) regarding 

the approximate local arrival time of this event, we obtained the raw DAS data from each array 

that fully recorded the incident waves.  

 

Figure 4.1 Map view of the Alaska Peninsula Mw 8.2 earthquake and Ridgecrest, Enid, and State 

College DAS array. The epicenter of the earthquake is marked by a red circle and DAS array 

location is marked by black triangles. Epicentral distance is marked in the figure for each array. 
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During the summer of 2021, we installed a Silixa Intelligence Distributed Acoustic Sensing (iDAS 

v2.0) system on a subterranean dark fiber located in Enid, Oklahoma. The iDAS measures the 

temporal strain rate via phase shift analysis of Rayleigh backscattering with a gauge length of 10m. 

This installation allowed us to gather DAS data from April 2021 to August 2021 intermittently, as 

shown in Figure 4.2. The dark fiber extends across the town of Enid in an east-west direction. To 

establish the DAS array, the network hub located at the Northwestern Oklahoma State University 

is utilized as a connection point of the iDAS. This division created an east section, which was 

active from April to June, and a west section, which was active from July to August. The DAS data 

for the 2021 Alaska Peninsula mega-earthquake is recorded by the west section, which contains 

9792 channels with 2-meter spacing at 1000 Hz. The raw data is downsampled to 50 Hz for the 

teleseismic event waveform.  
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Figure 4.2 Local map view of a) Enid town location in northwest Oklahoma, b) relative position 

between Enid DAS array (color path) and nearby broadband station (OK-AMES, OK-CROK), 

and c) Enid DAS array that goes through Enid town. Note the DAS array is plotted in different 

colors with numbers that represent segments assigned by cable geometry.   

The Ridgecrest DAS array was deployed shortly after the mainshock of 2019 Mw 7.1 Ridgecrest 

Earthquake sequence at the north edge of the Ridgecrest town (Z. Li et al., 2021, Figure 4.3). The 

Ridgecrest DAS array was installed with an OptaSense ODH3 interrogation system with a gauge 

length of 10 m, sampling the relative stain along the array at 250 Hz rate and downsampled to 50 

Hz for analysis. The dark fiber employed in this setup stretches across a distance of 10 km, 

following a straight east-west path. Within this dark fiber, there are a total of 1250 channels with 

an interval of 8 meters between each channel. 
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The Environmental Geophysics Group of Pennsylvania State University, through its FORESEE-

urban project, established a DAS observation array along a dark fiber that traverses the town of 

State College in 2019 (Figure 4.4; Zhu, Shen and Martin, 2021). The fiber-optic cable of this DAS 

array was buried in the conduit at Penn State University with total length of 5 km. The DAS strain 

rate along the fiber was recorded by a Silixa iDAS v2 interrogation system at 500 Hz sampling 

rate with a gauge length of 10 m. Within the dataset, a total of 2137 channels are included, each 

with a channel spacing of 2 meters. 

 

Figure 4.3  Local map view of Ridgecrest location in south California and relative position 

between Ridgecrest DAS array with segment number and nearby broadband station (CI-SRT). 
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Figure 4.4 Local map view of a) State College location in central Pennsylvania, b) relative position 

between FORESEE-urban DAS array and a nearby broadband station (IU-SSPA), and c) FORESEE-

urban DAS array with segments number that passes through State College. 

 

 

 

4.4 Waveform Analysis  

4.4.1 Overview of DAS data quality 

To conduct preprocessing on the DAS data, we apply the demean and detrend to each channel 

within the three datasets. In order to emphasize the teleseismic event signal and mitigate high-

frequency noise, we implemented a bandpass filter with a range of 0.02 to 1 Hz on the data. 

The Enid DAS array boasts the longest total length among the three datasets, spanning over 20 

km. Figure 4.5a visually presents the filtered data from all channels of the Enid DAS array, while 
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the surface wave signal is visible at most channels, there exists distinct data quality along the entire 

array. Based on the array's geometry, the Enid DAS array is divided into 10 segments, as shown in 

Figure 4.2. While the first three segments (channel 1-726) and segments 7, 8, and 9 were deployed 

alongside the residential city road, the remaining segments primarily situate along OK state 

highway Route 412, a state highway that passes through the town of Enid in an east-west direction. 

Notably, vibrations from passing traffic can be observed at various times and segments (Figure 

4.3).  

Segments 1, 2, and 3 (channel 1-726) display a clearer response to the earthquake wave incidence, 

suggesting a higher data quality compared to the other segments while the quantified signal-to-

noise ratio (SNR) of each segment is investigated in the following section. The drastic amplitude 

reduction between segments 3 and 4 coincides with the transition from local road to the state 

highway, likely due to the different coupling of the fiber. Given the significant variation in data 

quality between the first three segments and the later part of the array, we have selected the first 

three segments for detailed data visualization in Figure 4.5b. It is worth noting the amplitude phase 

shift that occurs as the array geometry changes. This phenomenon arises from the polarization 

differences between the incident wave and the fiber's axis orientation.  

Figure 4.6 displays the DAS data of Ridgecrest array following the implementation of a bandpass 

filter (0.02-1 Hz). Since the Ridgecrest DAS array is oriented in a single direction (east-west), 

there is no polarization variation observed across the array. Moreover, the Ridgecrest dataset 

consistently exhibits high-quality data across different sections of the array.  

In contrast, similar to the Enid DAS array, the FORESEE DAS array is arranged in a complex 

geometry throughout the State College town (Figure 4.4). Consequently, the DAS data from all 
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channels within the FORESEE array exhibit distinct polarization characteristics and data quality 

across different segments of the array (Figure 4.7).  
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Figure 4.5 Enid DAS data (strain rate, bandpass filter: 0.02-1 Hz) of the Alaska Peninsula 

earthquake. a) Normalized strain rate waveform of Enid DAS array b) Normalized strain rate 

waveform of first three segments (channel 1- 726). Segment assignment of the whole array is 
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laid out at the left side of a) whose color is consistent with that in Figure 4.2. For comparison, 

the east channel of OK-AMES is also shown in solid red line. The arrival time of P wave and S 

wave for AMES is marked in red line. Yellow arrows in (a) point out passing traffic signals along 

state highway. Shaded channels in a) denote the segments that have higher SNR which is zoomed 

in at the bottom figure. 

 

 

Figure 4.6 Ridgecrest DAS data (strain, bandpass filter: 0.02-1 Hz) of the Alaska Peninsula 

earthquake. For comparison, the east channel of CI-SRT (bandpass filter: 0.02-1 Hz) is also 

shown in solid red line. The arrival time of P wave and S wave for SRT is marked in red line. 

Note the consistent waveform quality throughout all the channels. 
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Figure 4.7 State College FORESEE-urban DAS data (strain rate, bandpass filter: 0.02-1 Hz) of 

the Alaska Peninsula earthquake. Segment assignment of the whole array is laid out at the left 

side whose color is consistent with that in Figure 4.4. For comparison, the east channel of IU-

SSPA (bandpass filter: 0.02-1 Hz) is also shown in solid red line. The arrival time of P wave and 

S wave for SSPA is marked in red line. 
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4.4.2 Comparison of stacked DAS data and broadband seismometer data 

DAS typically exhibits a higher noise level compared to traditional seismometers due to various 

factors influencing array stability and the decay of backscattered light (Lindsey et al., 2017; 

Lindsey, Rademacher and Ajo‐Franklin, 2020). To address this, we employ a stacking technique 

on the DAS data from the three arrays, which is a commonly used method in DAS teleseismic 

studies (Lindsey et al., 2017; Ajo-Franklin et al., 2019; Yu et al., 2019; Lindsey, Rademacher and 

Ajo‐Franklin, 2020). The stacking helps enhance the SNR and improves the overall quality of the 

DAS data. For the Enid and FORESEE array, considering the waveform variation across different 

sections in geometry, we assign 10 segments based on the array orientation and stack the DAS 

channels within each segment to enhance the coherent phases. In the case of the Ridgecrest array, 

we simply stacked every 100 channels, as the array layout follows a consistent orientation. The 

stacked DAS data of three DAS arrays is analyzed regarding teleseismic body wave frequencies 

(0.02 – 1 Hz) and surface wave frequencies (0.01 – 0.1 Hz), respectively, by utilizing distinct 

bandpass filters.  

As the ground motion along the DAS optical fiber is recorded in terms of relative strain or strain 

rate between gauges, a conversion from strain or stain rate to particle velocity is required for 

wavefield analysis. Yu et al. (2019) comprehensively documents the relationship between strain 

and particle velocity for plane waves, specifically applicable to teleseismic wave incidences. This 

relationship can be described by the following equation: 

εxx = −
1

c
u̇x 
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where εxx, u̇x, c represents strain, particle velocity, and apparent phase velocity along the cable 

axial direction, respectively. In the waveform comparison with broadband seismometer recordings, 

DAS data is converted to particle velocity, and the broadband seismometer is rotated to match the 

orientation of the fiber segment of the DAS array.  

To facilitate a comparison between the particle velocity waveforms of the broadband seismometer 

and DAS, we appropriately rotated the horizontal component of the broadband seismometer to 

match the orientation of the respective compared segment. It is important to note that for this 

comparison, we selected segment 3 of the Enid array due to its high signal-to-noise ratio. Bandpass 

filtering (0.01-0.1 Hz) is applied to both the stacked DAS particle velocity waveform and the 

seismometer waveform. 

Note that the stacked traces of Enid DAS array exhibit distinct data quality throughout different 

segments which is also observed from the data overview (Figure 4.5a & 4.8a). Although the low-

frequency surface wave around 1400 s might be observable in the stacked traces of segment 4-10, 

the early phases, including S wave are masked by high-frequency noise. Except for the Enid DAS 

array, both the Ridgecrest and FORESEE arrays exhibited more consistent SNR throughout the 

entire array, as shown in Figure 4.9a and Figure 4.10a while the segment 2,4,6,9 of FORESEE 

array exhibit weak response on the body wave arrival due to their transverse orientation against 

the wave propagation direction. Comparing the bandpass filtered (0.01-0.1 Hz), DAS particle 

velocity waveform with broadband particle velocity waveform (Figure 4.8c, 4.9c, 4.10c), all three 

DAS arrays exhibit a strong correlation with the seismometer waveform, indicating the remarkable 

capability of DAS in capturing low-frequency components. We demonstrate the teleseismic event 

response of DAS data for various frequency bands by applying four different frequency band filters 

to the selected stacked trace (Figure 4.8d, 4.9d, 4.10d). It is noteworthy that the SNR exhibits a 
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notable improvement when the high-pass threshold is set at or below 0.02 Hz, allowing for the 

observation of body wave arrival phases. 

To quantify the signal quality changes within each array in Figures 4.5 to 4.10, a numerical value 

of SNR is computed for each segment using the ratio of the power of the waveform within signal 

and noise window (Figure 4.11) in both body wave frequency band and surface wave frequency 

band, respectively. Note that the Enid DAS data in body wave frequency band exhibit relatively 

lower SNR (0 ~ 6 dB) than Ridgecrest and Foresee DAS array (14 ~ 45 dB). Within the Enid array, 

the first three segments appear higher SNR, which is in agreement with the waveform prescreening 

(Figure 4.5). A significant improvement of SNR of Enid DAS data is observed for surface-wave 

frequency band, while the changes in SNR in surface wave frequency band for Ridgecrest and 

FORESEE arrays is minor. The most significant change in SNR for the Enid array is observed for 

the first three segments along local roads (Figure 4.11b), which reach a similar level of SNR to the 

Ridgecrest and the FORESEE arrays, while the improvement of SNR for other segments along the 

state highway is less significant.      
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Figure 4.8 Stacked DAS data of Enid and rotated horizontal component of broadband seismometer. a) 

Stacked DAS particle velocity waveform by segment (bandpass filter: 0.02- 1 Hz). b) Stacked DAS 

particle velocity waveform by segment (bandpass filter: 0.01- 0.1 Hz). c) Filtered DAS particle 

velocity (segment 3) and rotated horizontal component of OK-AMES (bandpass filter: 0.01-0.1 Hz). 

d) DAS particle velocity waveform of segment 3 with different bandpass filter. Frequency band is 

printed below each trace.    
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Figure 4.9 Stacked DAS data of FORESEE-urban array and rotated horizontal component of 

broadband seismometer. a) Stacked DAS particle velocity waveform by segment (bandpass filter: 

0.01- 1 Hz). b) Stacked DAS particle velocity waveform by segment (bandpass filter: 0.01- 0.1 

Hz). c) Filtered DAS particle velocity (segment 3) and rotated horizontal component of IU-SSPA 

(bandpass filter: 0.01-0.1 Hz). d) DAS particle velocity waveform of segment 3 with different 

bandpass filter. Frequency band is printed below each trace.      
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Figure 4.10 Stacked DAS data of Ridgecrest array and rotated horizontal component of 

broadband seismometer. a) Stacked DAS particle velocity waveform by segment (bandpass 

filter: 0.01- 1 Hz). b) Stacked DAS particle velocity waveform by segment (bandpass filter: 

0.01- 0.1 Hz). c) Filtered DAS particle velocity (segment 3) and rotated horizontal component 

of CI-SRT (bandpass filter: 0.01-0.1 Hz). d) DAS particle velocity waveform of segment 3 with 

different bandpass filter. Frequency band is printed below each trace.      
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Figure 4.11 SNR of each segment of Enid (a, b), FORESEE (c, d), Ridgecrest (d, e) DAS array 

under body wave frequency band (0.02-1 Hz) and surface wave frequency band (0.01-0.1 Hz).   

 

 

 

4.4.3 Spectral Analysis   

To analyze the spectral characteristics of the DAS waveform for the Alaska Peninsula mega-

earthquake, we computed the scalogram of the DAS data and the nearby broadband seismometer 
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data. We applied a bandpass filter (0.02-1 Hz) to both waveforms in order to emphasize the 

dominant frequency components of teleseismic body waves and surface waves. The results 

indicate that the DAS array is capable of detecting the low-frequency component, suggesting a 

comparable sensitivity to long-period waves as the broadband seismometer (Figure 4.12 – 4.14). 

In the higher frequency range (0.1 - 1 Hz), we observe a similar level of sensitivity to the broadband 

seismometer, although the identification of body waves (P-wave and S-wave) on the DAS is 

influenced by the array orientation and wave polarization. It is worth noting that the FORESEE 

DAS array may outperform the SSPA broadband high-gain seismometer (BHE) at frequencies near 

1 Hz with more clear identification of P-wave. 
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Figure 4.12 Spectrogram of a) Enid DAS data and b) broadband seismometer (AMES HHE) 

waveform. 
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Figure 4.13 Spectrogram of a) FORESEE-urban DAS data and b) broadband seismometer 

(SSPA BHE) waveform. 
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4.5 DAS Receiver functions.  

Receiver function (RF) is an established technique in earthquake seismology to investigate the 

crustal and mantle structure (Zhu and Kanamori, 2000; Li et al., 2003; Persaud, Pérez-Campos and 

Clayton, 2007; Gans et al., 2011; McGlannan and Gilbert, 2016; Zhang et al., 2016; Liu, Persaud 

and Clayton, 2018; Wang et al., 2023). By deconvolving the source wavelet of teleseismic from 

 

Figure 4.14 Spectrogram of a) Ridgecrest DAS data and b) broadband seismometer (SRT 

BHE) waveform. 
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the horizontal component of P-wave coda, receiver function can present the conversion boundaries 

where incident P-wave is converted to S-wave at impedance contrast. Common practice of 

traditional RF analysis approximates the vertical component of teleseismic wave to source wavelet 

and deconvolve it from radial component or transverse component that are rotated from two 

horizontal components of the seismometer.  

With the increasing availability of DAS data in terms of temporal and spatial coverage, there is 

potential for utilizing DAS data in Receiver Function (RF) analysis. While RF analysis 

traditionally requires 3-component data for teleseismic events, the 1-component horizontal particle 

velocity waveform obtained from DAS, when combined with collocated or nearby seismometer 

data, can provide an approximation of the radial or transverse receiver function. Although this 

approach is still in the exploratory stage, Yu et al. (2019) demonstrated RF analysis based on data 

from a DAS array at Goldstone, CA, and a nearby broadband station. In this study, we applied RF 

analysis to the Enid DAS array data and compared the DAS-derived RFs with those obtained from 

a broadband seismometer. Unfortunately, the collocated 3-component nodes were not active during 

the Alaska Peninsula Mw8.2 teleseismic event incidence. As a substitute, we utilized the vertical 

component from a nearby broadband station (Fig. 4.2b; OK-AMES) as an approximation of the 

source wavelet. Considering the high signal-to-noise ratio (SNR) and sub-parallel axis to the radial 

orientation, we selected segment 3 of the DAS data for RF analysis. 

To calculate the Receiver Functions (RFs), we employ a time-domain iterative deconvolution 

approach. We compute the RFs for a subset of segment 3 (Figure 4.15b) as well as the stacked 

trace of all channels within this segment (Figure 4.15c). It is important to note that the 

interpretation of RFs typically involves stacking RFs derived from multiple teleseismic events. 

Therefore, our goal is not to provide a definitive interpretation solely based on the Enid DAS 
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receiver function. Instead, our focus is on comparing the DAS-derived RFs with the receiver 

function obtained from the broadband station. By examining the DAS RF alongside the single 

broadband receiver function traces and stacked receiver function (Wang et al., 2023), we can 

identify comparable phases in the DAS RF (Fig. 15c). This observation suggests the feasibility of 

utilizing DAS data for RF analysis and indicates its potential as a valuable tool in seismic studies. 
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Figure 4.15 Stacked subset DAS data and RFs derived from DAS and vertical channel of 

broadband station. a) Stacked DAS particle velocity of subset of Enid array segment 3. b) RFs 

derived from the DAS waveform in a) and vertical channel of OK-AMES. c) RFs from two 

broadband stations (OK-AMES & OK-CROK) and DAS RFs. Note the stacked RF traces from 

AMES and CROK are modified from (Wang et al., 2023). Coherent phases (red arrow: Moho 

conversion; blue arrow: basement reverberation) are marked by arrows.    

4.6 Discussion 

To fulfill the performance in industrial project, in-well DAS is commonly deployed with industrial 

standard alongside other well-logging equipment. Correa et al. (2017) conducted an examination 

of in-well Distributed Acoustic Sensing (DAS) arrays in terms of signal to noise ratio (SNR), 

demonstrating an average SNR of in-well DAS vertical seismic profile (VSP) at around 30 dB. 

However, a challenge arises when dealing with dark fibers deployed by various telecom companies 
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in different regions. These fibers have distinct coupling and layout geometries, making it difficult 

to process and calibrate data across various arrays. The waveform analysis and quantified SNR of 

Enid DAS data regarding teleseismic event suggest distinct data qualities for sections that are 

deployed in residential areas and those are deployed along state highway, while the FORESEE and 

Ridgecrest DAS array that are deployed mainly in the residential or rual areas exhibit relatively 

high SNR in both body wave frequency band (0.02 – 1 Hz) and surface wave frequency band (0.01 

– 1 Hz).  

Yu et al. (2019) have highlighted the potential of using receiver function (RF) analysis with 

Distributed Acoustic Sensing (DAS) data. The results have shown convincing conversion phases 

and comparable phases to those obtained from traditional seismometers such as nodes, broadband 

stations, and short period seismometers. However, a major limitation in employing DAS RF in a 

general deployment scenario is the necessity of a vertical component, which can only be obtained 

from a co-located node or a nearby broadband station. Moreover, the application of DAS RF for 

imaging purposes is still in its early stages. When it comes to teleseismic RF for deep structure 

imaging, traditional seismometers need to be distributed over a large area to capture lateral 

structure variations from the mantle and crust. However, the dark fiber DAS array, which extends 

over tens of kilometers, lacks sufficient horizontal expansion to adequately capture lateral 

variations for deep structure imaging. Nevertheless, the densely spaced channels provided by DAS 

arrays offer an advantage for local earthquake RF analysis. Multichannel deconvolution algorithms 

applied to DAS data may yield promising results for investigating shallow and local geological 

structures. 

 



 
 

139 

4.7 Conclusion  

This study presents a comparative analysis of the response to the 2019 Mw 8.2 Alaska Peninsula 

earthquake in three different Distributed Acoustic Sensing (DAS) arrays located across the United 

States. Waveform analysis reveals distinct signal-to-noise ratios (SNRs) among the various DAS 

arrays and different sections of the optical fiber. The Ridgecrest DAS array and the FORESEE-

urban DAS array exhibit relatively higher SNR than the Enid array and all three arrays exhibit 

variabilities of SNR among different segments. The Enid array exhibits a significant decrease in 

SNR when transitioning from local road to state highway. Despite the SNR differences, all three 

DAS arrays demonstrate remarkable capabilities in capturing and retaining low-frequency 

components. Additionally, we present preliminary results from receiver function analysis using 

Enid DAS data. It is important to note that the interpretation of these results is limited due to the 

availability of receiver functions from multiple teleseismic events. Nonetheless, our findings show 

comparable phases to the receiver function obtained from the broadband station, indicating the 

potential utility of DAS data in receiver function analysis. 

These findings highlight the potential of DAS arrays, including Enid, Ridgecrest, and FORESEE, 

as valuable tools for seismic monitoring and analysis. The ability of DAS arrays to capture body 

waves as well as low-frequency signals of teleseismic events, combined with the comparable 

conversion phases observed in receiver functions, further validates their potential for seismological 

studies. The research contributes to the growing body of knowledge on the capabilities and 

effectiveness of DAS technology in seismic monitoring and provides insights for future studies 

and applications in earthquake research. 
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Chapter 5 

5 Conclusions and Future Work 

5.1 Conclusion  

In this dissertation, I present the applications of receiver function analysis on broadband 

seismometer data, a densely spaced nodal array, and a dark fiber DAS array, characterizing the 

Oklahoma subsurface from mantle to shallow crust. While using traditional teleseismic receiver 

function imaging contributes to the understanding of Oklahoma's deep structure, this dissertation 

also demonstrates the potential of using local and regional earthquakes in receiver function 

analysis to image shallow structures. By evaluating the teleseismic responses of different DAS 

arrays (Enid, Ridgecrest, and FORESEE-urban), the data quality in terms of signal-to-noise ratio 

(SNR) and spectral responses is reviewed. Despite receiver function being a well-established 

technique and a major tool in passive seismic imaging, this dissertation emphasizes the untapped 

potential of these methods on incorporating new datasets for understudied areas, implementing 

novel algorithms to achieve higher resolution, and utilizing different types of data from alternative 

sources or acquired through innovative instruments. 

Some of the key results are: 

(1) I applied teleseismic RF analysis to the broadband and short period seismometers widely 

distributed in central Oklahoma and provide the first image of the Moho discontinuity in 

Oklahoma. Upon updating the knowledge of crustal thickness from previous studies, the 
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Moho map from RF reveals the crust thickness ranges from 40 km to 55 km where the 

deepest Moho is observed in the Anadarko Shelf to the northwest and a shallowing trend 

towards the east. A mid-lithosphere discontinuity is observed within the upper mantle, in 

depth ranging from 60 km to 100 km. An intracrustal discontinuity observed near the linear 

gravity anomalies close to Kansas may suggest rift-filling magmatism related to the 

midcontinent rift although evidence of rifting is not observed from RF profiles.  

(2) I developed an inversion routine using multi-channel blind deconvolution to calculate the 

RF from local and regional earthquakes. RFs derived from a densely spaced nodal array in 

Cushing, Oklahoma present a high-resolution image of the shallow subsurface. In 

particular, the conversion phase of basement top interface is well-depicted in the RF 

profiles that arrange the RFs in terms of strike and crossline to the fault beneath the nodal 

array. The estimated depth of the basement conversion is around 1.2 km, remarkably 

consistent with the basement depth map from previous studies.   

(3) I presented comparative analysis for the 2021 Mw 8.2 Alaska Peninsula earthquake 

waveforms recorded by Enid, Ridgecrest, and FORESEE-urban DAS array. The analysis 

illustrates distinct SNR between DAS arrays and between internal sections. For the internal 

section with similar SNR, variations on the waveform are predominantly resulted from axis 

orientation relative to the wave propagation direction. All the three DAS array exhibit 

capability of capturing low-frequency signal of the earthquake wave. RFs derived from the 

Enid DAS array present comparable phases to the RFs obtained from broadband station.     

5.2 Future work 

While the Moho map from the locally deployed broadband stations covers mainly the central part 

of Oklahoma, data gaps remain for the Anadarko Basin area and eastern Oklahoma. With a 
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comprehensive velocity model of the sedimentary columns of the Anadarko Basin and advanced 

de-reverberation algorithm, receiver function in the Anadarko Basin might provide more reliable 

configuration of the crustal and mantle structure.  

The high-resolution receiver function from local and regional earthquakes opens up a new scenario 

of receiver function application, in which local and regional earthquakes can be used in receiver 

function analysis. Also, the multichannel blind deconvolution works great for the densely spaced 

array. In the future work, it would be interesting to apply this inversion routine to another array 

where the basin structure is more complex than Cushing. Besides, the emerging DAS array 

deployment can also be a fitting situation for the multichannel inversion routine.  

As the study of comparative DAS waveform analysis is in preparation for submission, some 

additional work, such as quantitative measurement of SNR and waveform analysis from other 

earthquake events, can be supplemented to the current manuscript. Additionally, a more 

comprehensive analysis can be conducted with DAS data from other arrays. 
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Appendix  

The appendix chapter contains supplemental information of the RF analysis for Oklahoma deep 

structure imaging presented in Chapter 2.  

A1. Station and event information 

A total of 221 teleseismic events and 169 stations are used in this study for receiver function 

analysis. Detailed information about the station and events is listed below. The total number of 

events used for preliminary RF calculation and prescreened number of RF for depth-conversion 

and H-k stacking are shown in the figure in section III.    

Table A 1 Stations used in the study chapter 2. 

Station Longitude Latitude Elevation (m) 

GS-OK025-00 -97.338 35.581 348 

GS-OK029-00 -97.455 35.797 333 

GS-OK030-00 -96.784 35.928 289 

GS-OK031-00 -96.839 35.953 290 

GS-OK032-00 -98.21 36.804 345 

GS-OK033-00 -96.938 36.044 258 

GS-OK034-00 -96.713 36.01 254 

GS-OK035-00 -98.71 36.708 485 

GS-OK036-00 -98.632 36.506 460 

GS-OK037-00 -98.745 36.508 468 

GS-OK038-00 -98.742 36.478 443 

GS-OK039-00 -98.652 36.382 400 

GS-OK040-00 -98.674 36.483 453 

GS-OK041-00 -98.533 36.467 445 

GS-OK042-00 -98.831 36.403 442 

GS-OK043-00 -98.746 36.433 406 

GS-OK044-00 -96.796 36.373 290 

GS-OK045-00 -96.925 36.448 284 

GS-OK046-00 -96.907 36.397 294 

GS-OK047-00 -96.724 36.469 253 

GS-OK048-00 -96.944 36.416 295 

GS-OK049-00 -97.304 36.407 327 

GS-OK050-00 -96.982 36.395 315 
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GS-OK051-00 -96.836 36.505 261 

GS-OK052-00 -96.803 35.994 259 

GS-OK053-00 -96.788 36.014 280 

NX-STN01- -97.655 35.833 316 

NX-STN02- -97.507 35.951 342 

NX-STN03- -97.186 35.926 276 

NX-STN05- -96.645 35.847 285 

NX-STN07- -97.797 36.083 345 

NX-STN08- -97.492 36.179 359 

NX-STN09- -97.267 36.176 310 

NX-STN11- -96.732 36.159 252 

NX-STN12- -96.492 36.259 260 

NX-STN13- -97.821 36.307 343 

NX-STN15- -97.375 36.349 316 

NX-STN16- -97.127 36.349 294 

NX-STN17- -96.908 36.4 299 

NX-STN18- -96.647 36.418 255 

NX-STN19- -97.903 36.683 337 

NX-STN20- -97.743 36.521 339 

NX-STN21- -97.561 36.752 333 

NX-STN22- -97.411 36.565 312 

NX-STN23- -97.197 36.655 296 

NX-STN24- -97.854 36.92 344 

NX-STN26- -97.208 36.926 353 

NX-STN33- -96.721 35.657 272 

NX-STN35- -96.79 35.442 320 

O2-ARCA- -97.27 35.743 323 

O2-CHAN- -96.785 35.653 266 

O2-CRES- -97.534 36.037 311 

O2-DOVR- -97.988 35.954 337 

O2-DRUM- -96.605 35.919 296 

O2-FW01- -98.941 36.495 431 

O2-FW02- -98.729 36.378 434 

O2-FW03- -99.173 36.527 628 

O2-FW04- -98.665 36.596 448 

O2-FW05- -98.605 36.47 444 

O2-FW06- -98.499 36.514 420 

O2-FW07- -98.801 36.45 404 

O2-FW08- -98.796 36.238 554 

O2-FW09- -99.041 36.551 517 

O2-GORE- -97.947 36.786 348 

O2-MRSH- -97.695 36.132 309 

O2-PERK- -97.13 35.926 288 

O2-PERY- -97.235 36.26 209 

O2-PW01- -96.929 36.402 322 

O2-PW02- -96.858 36.419 314 

O2-PW05- -96.964 36.485 289 

O2-PW06- -96.972 36.421 303 

O2-PW09- -96.817 36.448 291 
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O2-PW10- -96.831 36.366 297 

O2-PW13- -96.818 36.328 290 

O2-PW15- -97.014 36.469 270 

O2-PW18- -97.044 36.279 299 

O2-PW19- -97.036 36.569 301 

O2-SC01- -97.82 35.185 373 

O2-SC02- -97.389 34.798 310 

O2-SC04- -97.473 34.364 300 

O2-SC05- -97.833 35.519 388 

O2-SC06- -97.521 35.073 342 

O2-SC07- -98.214 34.934 349 

O2-SC08- -96.393 34.687 200 

O2-SC10- -98.271 35.423 502 

O2-SC11- -98.741 35.183 414 

O2-SC12- -99.355 34.922 472 

O2-SC13- -96.946 34.728 363 

O2-SC14- -98.244 34.452 339 

O2-SC15- -99.501 35.607 550 

O2-SC16- -98.815 35.975 500 

O2-SC17- -97.598 34.916 1126 

O2-SC18- -97.554 36.503 1051 

O2-SC19- -97.843 36.22 1116 

O2-SC20- -98.441 35.403 490 

O2-SHWN- -97.023 35.343 320 

O2-SMNL- -96.565 35.294 317 

O2-TUTT- -97.756 35.238 407 

OK-AMES- -98.193 36.336 394 

OK-BCOK- -97.609 35.657 302 

OK-BLOK- -97.215 36.761 301 

OK-CCOK- -97.656 35.357 378 

OK-CHOK- -97.061 35.561 338 

OK-CROK- -97.983 36.505 403 

OK-CSTR- -98.689 35.646 516 

OK-DEOK- -96.498 35.843 291 

OK-ELIS- -99.418 36.065 641 

OK-FNO-01 -97.401 35.257 360 

OK-FRLY- -97.452 35.415 385 

OK-HTCH- -98.333 36.017 347 

OK-MOOR- -97.659 35.342 371 

OK-NOKA- -98.932 36.635 476 

OK-OKCFA- -97.451 35.415 385 

OK-QUOK- -96.708 36.171 296 

OK-SMO- -97.475 35.523 357 

OK-SWND- -97.438 35.405 390 

OK-U32A- -99.001 36.38 525 

OK-W35A- -96.874 35.153 322 

OK-X34A- -97.833 34.601 364 

OK-X37A- -95.371 34.589 207 

XR-ALF1 -97.533 36.652 292 
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XR-ALL1 -97.575 36.432 357 

XR-BC01 -97.396 36.543 308 

XR-BC02 -97.45 36.521 304 

XR-BER1 -97.839 36.628 320 

XR-BLA1 -97.538 36.542 318 

XR-BRY1 -97.647 36.716 309 

XR-BUF1 -97.72 36.583 337 

XR-BUF2 -97.696 36.519 325 

XR-CAR1 -97.431 36.714 311 

XR-DIR1 -97.529 36.783 232 

XR-ENI1 -97.788 36.418 361 

XR-GLE1 -97.327 36.547 301 

XR-GRA1 -97.507 36.502 310 

XR-HAC1 -97.802 36.297 331 

XR-KRE1 -97.832 36.581 330 

XR-LIB1 -97.777 36.72 320 

XR-LIB2 -97.734 36.707 311 

XR-MAR1 -97.543 36.232 337 

XR-MED2 -97.712 36.781 323 

XR-MIL1 -97.197 36.659 293 

XR-NOB2 -97.627 36.562 326 

XR-NUM1 -97.618 36.82 337 

XR-OAK1 -97.459 36.369 319 

XR-OLI1 -97.561 36.346 336 

XR-OWE2 -97.376 36.63 309 

XR-PER1 -97.261 36.365 311 

XR-REN1 -97.723 36.644 313 

XR-REN2 -97.765 36.624 319 

XR-RR01 -97.346 36.46 291 

XR-SF01 -97.669 36.659 307 

XR-SF02 -97.598 36.641 313 

XR-SF03 -97.659 36.617 308 

XR-WOO2 -97.48 36.25 355 

XR-WR01 -97.379 36.503 294 

XR-WV01 -97.377 36.292 328 

NX-STN10- -96.937 36.146 287 

NX-STN14- -97.626 36.47 329 

NX-STN31- -97.443 35.758 329 

NX-STN32- -97.155 35.681 292 

NX-STN34- -97.11 35.442 339 

O2-FW10- -98.718 36.506 457 

O2-POCA- -98.075 35.218 396 

O2-PW07- -96.765 36.504 282 

O2-PW17- -96.7 36.245 324 

O2-PW30- -96.822 36.417 314 

O2-SC03- -97.849 34.94 349 

O2-SC09- -97.366 34.545 296 

OK-BLUF- -97.609 35.657 302 
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Table A 2 Teleseismic events information of receiver function analysis in chapter 2. 

Longitude Latitude Event depth Magnitude Date Time 
-42.669 10.691 17.5 6.5 6/24/2013 22:04:14 
-78.125 5.718 18.6 6.6 8/13/2013 15:43:16 
-175.214 51.5 30.2 7 8/30/2013 16:25:02 
-174.695 51.481 30.3 6.5 9/4/2013 2:32:32 
-74.601 -15.9 38.2 7 9/25/2013 16:42:43 
141.5 48.55 10 6.6 10/11/2013 9:28:47 
23.372 35.528 46.9 6.8 10/12/2013 13:11:54 
144.754 37.146 14.7 7.1 10/25/2013 17:10:17 
-73.151 -35.402 11.9 6.3 10/30/2013 2:51:49 
-71.502 -30.314 19.8 6.5 10/31/2013 23:03:59 
162.143 54.677 60.5 6.5 11/12/2013 7:03:52 
-66.868 18.992 30.9 6.3 1/13/2014 4:01:05 
-58.972 14.596 28.3 6.5 2/18/2014 9:27:15 
-80.935 -5.672 26.5 6.3 3/15/2014 23:51:32 
-70.616 -19.905 9.4 6.7 3/16/2014 21:16:29 
-70.828 -20.06 5.3 6.4 3/17/2014 5:11:33 
-70.788 -19.619 17.1 8.1 4/1/2014 23:46:47 
-70.501 -20.364 10.6 6.6 4/3/2014 1:58:29 
-70.491 -20.589 12 7.7 4/3/2014 2:43:14 
-70.541 -20.749 13 6.5 4/3/2014 5:26:14 
-114.763 -49.925 7.1 6.4 5/12/2014 18:38:37 
-82.24 7.145 13.1 6.5 5/13/2014 6:35:25 
25.37 40.276 8.2 6.9 5/24/2014 9:25:03 
178.643 51.703 102.1 7.9 6/23/2014 20:53:10 
176.782 52.009 23.2 6.4 6/24/2014 3:15:39 
-175.514 -15.101 26 6.4 6/29/2014 15:52:28 
-175.458 -15.235 26 6.6 6/29/2014 17:15:12 
142.452 37.005 20 6.6 7/11/2014 19:22:01 
142.39 36.97 12 6.5 7/11/2014 19:22:06 
-174.452 -15.824 227.3 6.3 7/19/2014 12:27:10 
148.784 44.642 61 6.3 7/20/2014 18:32:48 
-71.442 -32.695 32 6.4 8/23/2014 22:32:23 
-73.535 -14.52 70 6.8 8/24/2014 23:21:42 
-73.45 -14.589 74.4 6.8 8/24/2014 23:21:43 
-151.916 61.986 106.9 6.3 9/25/2014 17:51:18 
-110.924 -32.299 4.2 7 10/9/2014 2:14:30 
-110.92 -32.161 10.5 6.6 10/9/2014 2:32:06 
-82.687 7.94 20 6.6 12/8/2014 8:54:53 
-82.657 6.109 7.9 6.5 1/7/2015 5:07:06 
-67.15 -32.648 172.7 6.3 2/2/2015 10:49:48 
-66.662 -23.065 203.6 6.7 2/11/2015 18:57:20 
-32.021 52.51 16.9 7.1 2/13/2015 18:59:14 
143.177 39.947 10.8 6.7 2/16/2015 23:06:28 
-69.188 -18.354 127.1 6.4 3/23/2015 4:51:38 
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-172.905 -15.439 15.2 6.3 3/30/2015 8:18:02 
-173.335 -15.337 31.2 6.3 4/7/2015 0:46:21 
142.022 38.901 39.3 6.8 5/12/2015 21:12:59 
-156.676 56.708 64.6 6.8 5/29/2015 7:00:08 
-73.667 -36.335 17.4 6.4 6/20/2015 2:10:08 
148.004 43.97 51.1 6.3 7/7/2015 5:10:28 
-58.57 13.801 19.4 6.5 7/16/2015 15:16:33 
-169.535 52.276 27.8 6.9 7/27/2015 4:49:46 
-153.325 59.972 121.2 6.4 7/29/2015 2:35:58 
-71.674 -31.573 22.4 8.3 9/16/2015 22:54:33 
-71.745 -31.618 26.7 6.4 9/16/2015 22:59:15 
-71.688 -31.424 27 6.5 9/17/2015 3:55:15 
-71.81 -31.52 23 6.8 9/17/2015 4:10:27 
-71.804 -31.517 23 6.7 9/17/2015 4:10:28 
-71.379 -31.728 35 6.6 9/21/2015 17:40:00 
-71.322 -30.815 46 6.3 9/26/2015 2:51:19 
-71.452 -30.88 46 6.8 11/7/2015 7:31:44 
-173.075 51.639 15 6.5 11/9/2015 16:03:46 
-72.007 -29.507 12 6.9 11/11/2015 1:54:39 
-72.059 -29.51 10 6.9 11/11/2015 2:46:20 
20.6 38.67 11 6.5 11/17/2015 7:10:07 
141.087 44.476 238.8 6.2 1/11/2016 17:08:04 
-63.329 -19.76 582.6 6.1 1/14/2016 3:25:28 
142.781 41.972 46 6.7 1/14/2016 3:25:34 
-3.682 35.649 12 6.3 1/25/2016 4:22:03 
158.513 54.006 163.2 7.2 1/30/2016 3:25:11 
-71.584 -30.572 29 6.3 2/10/2016 0:33:05 
-173.942 51.565 19 6.3 3/12/2016 18:06:45 
-174.142 51.514 17 6 3/19/2016 1:35:12 
-60.702 17.996 26 6 3/19/2016 11:26:33 
162.813 54.294 30 6.4 3/20/2016 22:50:20 
-157.932 57.008 11.4 6.2 4/2/2016 5:50:00 
-79.922 0.382 20.6 7.8 4/16/2016 23:58:37 
-80.21 0.639 14 6.2 4/20/2016 8:33:47 
-80.035 0.708 10 6 4/20/2016 8:35:11 
-80.504 -0.292 10 6 4/22/2016 3:03:42 
-79.79 0.426 16 6.7 5/18/2016 7:57:03 
-79.616 0.495 30 6.9 5/18/2016 16:46:44 
-45.14 22.658 10 6.1 6/21/2016 16:26:34 
-173.201 -15.083 8 6 7/10/2016 13:44:41 
-79.638 0.581 21 6.3 7/11/2016 2:11:05 
-70.507 -26.105 72 6.1 7/25/2016 17:26:50 
-66.026 -22.309 270 6.2 8/4/2016 14:15:13 
143.68 40.356 10 6 8/20/2016 9:01:26 
143.754 40.293 10 6 8/20/2016 15:58:04 
13.188 42.723 4.4 6.2 8/24/2016 1:36:33 
-17.829 -0.047 10 7.1 8/29/2016 4:29:58 
168.542 54.415 8 6.1 9/5/2016 22:54:04 
-76.954 -5.573 121 6.1 9/10/2016 10:08:20 
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-76.169 7.374 18 6 9/14/2016 1:58:32 
-174.872 -15.54 10 6.1 10/26/2016 5:19:51 
13.043 42.934 10 6.1 10/26/2016 19:18:08 
13.088 42.855 10 6.6 10/30/2016 6:40:19 
-70.996 -35.103 90.8 6.4 11/4/2016 16:20:44 
141.566 38.497 42.4 6.1 11/11/2016 21:43:00 
-68.765 -31.643 115.8 6.4 11/20/2016 20:57:44 
-68.765 -31.643 115.8 -12345 11/20/2016 21:08:02 
141.402 37.392 11.4 6.9 11/21/2016 20:59:49 
141.402 37.392 11.4 -12345 11/21/2016 21:11:39 
-70.823 -15.294 10 6.2 12/1/2016 22:40:26 
-70.823 -15.294 10 -12345 12/1/2016 22:49:16 
174.201 52.244 26.9 6 12/3/2016 9:23:35 
174.201 52.244 26.9 -12345 12/3/2016 9:32:43 
-70.97 -9.966 622.5 6.4 12/18/2016 13:30:11 
-70.97 -9.966 622.5 -12345 12/18/2016 13:37:30 
-73.94 -43.405 38 7.6 12/25/2016 14:22:27 
-73.94 -43.405 38 -12345 12/25/2016 14:33:47 
176.058 -19.354 12 -12345 1/3/2017 22:05:08 
-92.404 74.392 31 6 1/8/2017 23:47:14 
-92.404 74.392 31 -12345 1/8/2017 23:53:27 
-66.659 -23.861 222 6.3 2/18/2017 12:10:18 
-66.659 -23.861 222 -12345 2/18/2017 12:19:46 
-63.905 -19.281 596 6.5 2/21/2017 14:09:04 
-63.905 -19.281 596 -12345 2/21/2017 14:17:42 
172.199 52.798 10 6.1 3/27/2017 10:50:19 
162.787 56.938 15.5 6.6 3/29/2017 4:09:24 
-67.766 -23.271 155 6.2 4/15/2017 8:19:43 
-72.006 -33.036 21 6 4/23/2017 2:36:08 
-72.045 -33.029 28 6.9 4/24/2017 21:38:31 
-136.676 59.83 8 6.2 5/1/2017 12:31:55 
-136.704 59.829 2.5 6.2 5/1/2017 14:18:15 
-178.636 51.755 10 6.2 5/8/2017 17:00:47 
170.91 54.029 8.2 6.8 6/2/2017 22:24:48 
26.371 38.915 12 6.3 6/12/2017 12:28:39 
-80.493 -0.288 13 6 6/30/2017 22:29:45 
168.647 54.583 10 6.3 7/17/2017 11:05:09 
168.815 54.472 11 7.7 7/17/2017 23:34:14 
-73.63 -16.421 44.9 6.4 7/18/2017 2:05:20 
-49.326 13.396 10 6 7/27/2017 17:53:25 
-13.663 -1.091 10 6.6 8/18/2017 2:59:22 
144.66 37.981 11 6.1 9/20/2017 16:37:16 
144.02 37.503 9 6.2 10/6/2017 7:59:33 
176.808 52.45 111.8 6.6 10/8/2017 22:34:34 
-69.641 -18.521 82.4 6.3 10/10/2017 6:32:21 
-173.168 -15.32 10 6.8 11/4/2017 9:00:19 
-175.074 -14.726 6 6 11/20/2017 18:51:07 
-23.432 -1.08 10 6.5 11/30/2017 6:32:51 
-80.311 -0.489 16 6.2 12/3/2017 11:19:05 
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-74.71 -15.759 39 7.1 1/14/2018 9:18:46 
-69.456 -18.852 116 6.3 1/21/2018 1:06:43 
-149.073 56.046 25 7.9 1/23/2018 9:31:43 
142.432 41.103 31 6.3 1/24/2018 10:51:19 
166.446 55.542 11.2 6.2 1/25/2018 2:10:35 
-63.006 -20.659 559 6.8 4/2/2018 13:40:35 
-71.557 -30.986 76.1 6.2 4/10/2018 10:19:34 
-111.654 -24.26 10 6 5/2/2018 6:32:49 
-154.997 19.313 2.1 6.9 5/4/2018 22:32:54 
157.84 51.499 45 6.1 7/6/2018 1:40:05 
-145.3 69.562 2.2 6.3 8/12/2018 14:58:54 
-144.36 69.521 1.7 6 8/12/2018 21:15:02 
-178.052 51.422 20 6.6 8/15/2018 21:56:54 
-83.153 8.769 15 6.1 8/17/2018 23:22:25 
-62.907 10.779 146.2 7.3 8/21/2018 21:31:48 
-177.881 51.511 43.9 6 8/23/2018 3:35:16 
-70.817 -11.042 609.5 7.1 8/24/2018 9:04:07 
141.929 42.686 35 6.6 9/5/2018 18:07:59 
-78.896 -2.345 93.5 6.2 9/7/2018 2:12:04 
156.232 49.394 20 6.1 10/9/2018 7:45:12 
156.297 49.29 20 6.5 10/10/2018 23:16:02 
153.243 52.855 461 6.7 10/13/2018 11:10:22 
20.563 37.515 14 6.8 10/25/2018 22:54:53 
-69.292 -19.588 102 6.2 11/1/2018 22:19:52 
-11.25 71.626 10 6.7 11/9/2018 1:49:40 
-49.872 15.565 10 6.3 11/11/2018 14:04:00 
162.001 55.632 50.2 6.1 11/14/2018 21:21:51 
-149.955 61.346 46.7 7 11/30/2018 17:29:29 
-101.072 -36.138 10 6.3 12/19/2018 1:37:41 
164.699 55.1 16.6 7.3 12/20/2018 17:01:55 
164.435 55.417 10 6.1 12/24/2018 12:41:19 
-71.583 -8.149 571.2 6.8 1/5/2019 19:25:39 
-71.42 -30.071 54.8 6.7 1/20/2019 1:32:52 
-36.079 35.422 10 6.2 2/14/2019 19:57:05 
-77.023 -2.199 132.4 7.5 2/22/2019 10:17:22 
-70.135 -14.702 267 7 3/1/2019 8:50:43 
-65.907 -17.874 359 6.3 3/15/2019 5:03:50 
-76.223 4.563 122 6.1 3/23/2019 19:21:18 
159.963 50.502 9 6.2 3/28/2019 22:06:49 
-80.809 -1.944 18 6.2 3/31/2019 7:04:05 
178.068 52.167 7.9 6.4 4/2/2019 21:35:30 
143.298 40.41 18 6 4/11/2019 8:18:21 
-82.833 8.623 19 6 5/12/2019 19:24:50 
-105.731 -4.588 10 5.8 5/16/2019 22:52:44 
-178.239 51.308 30 6.1 5/23/2019 8:45:18 
-75.277 -5.813 122.4 8 5/26/2019 7:41:15 
-72.082 -30.056 11 6.4 6/14/2019 0:19:12 
139.48 38.637 12 6.4 6/18/2019 13:22:19 
164.184 56.208 10 6.3 6/25/2019 9:05:41 
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164.11 56.178 10 6.3 6/26/2019 2:18:08 
-82.768 8.449 26.2 6.2 6/26/2019 5:23:51 
-116.744 -49.551 10 5.8 7/13/2019 7:59:34 
-72.308 -34.237 25 6.8 8/1/2019 18:28:07 
-113.833 -49.731 10 6 8/2/2019 5:50:55 
141.609 37.76 38 6.3 8/4/2019 10:23:04 
-27.875 1.039 10 5.9 8/5/2019 0:40:46 
142.995 41.068 23.8 5.9 8/28/2019 23:46:40 
-45.217 23.777 10 5.9 9/2/2019 22:45:49 
-67.27 19.077 10 6 9/24/2019 3:23:40 
-72.003 -40.816 129 6.1 9/26/2019 16:36:18 
-102.774 -35.922 10 5.9 9/27/2019 15:11:30 
-73.163 -35.476 11 6.7 9/29/2019 15:57:53 
-13.837 -1.099 10 6.3 10/23/2019 16:08:14 
-170.139 52.308 35 5.8 10/26/2019 0:41:26 
-71.378 -31.812 53 6.1 11/4/2019 21:53:25 
-172.85 -15.764 35 5.8 11/8/2019 9:41:14 
-80.724 -45.006 35 6.3 5/20/2013 9:49:08 
-71.018 -19.962 10.8 7 4/1/2014 23:57:57 
140.63 46.93 10 7.6 11/9/2014 14:38:16 
-172.914 -15.575 15.8 6.4 3/30/2015 8:48:26 
-71.426 -31.562 28.4 7 9/16/2015 23:18:42 
-71.65 -31.104 42.3 6.4 9/17/2015 1:41:06 
-153.339 59.62 125.6 7.1 1/24/2016 10:30:30 
-161.513 54.427 31 6 12/31/2018 2:35:38 
-85.266 1.451 10 5.8 4/5/2019 18:46:43 
-172.716 -15.4 10 5.8 4/12/2019 12:23:04 
-177.414 -14.658 10 5.9 8/22/2019 19:27:12 
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Figure A 1 Number of events used in this study and for deriving the Moho map. a) the total 

number of events used in each station. b) number of prescreened events used in the H-k stacking 

and depth-conversion 

A2. 𝐇 − 𝛋 stacking results and Moho depth from depth 

converted RFs 

Table A 3  Moho depth and Vp/Vs ratio of each station from H − κ stacking. 

Station Longitude Latitude  Moho 

depth 

Moho depth 

error 

Velocity 

ratio 

Velocity ratio 

error 

Num of 

events 

GS-OK025 -97.338 35.581 46.22 1.574 1.7312 0.0303 31 

GS-OK029 -97.455 35.797 38.244 0.266 1.8688 0.0076 87 

GS-OK030 -96.784 35.928 53.52 0.396 2.1 0 31 

GS-OK031 -96.839 35.953 43.1 0.463 1.7824 0.0122 46 

GS-OK032 -98.21 36.804 36.412 0.094 2.0994 0.0047 70 

GS-OK033 -96.938 36.044 51.372 8.614 1.6648 0.1563 42 

GS-OK034 -96.713 36.01 35 0 1.6 0 20 

GS-OK035 -98.71 36.708 60 0 2.1 0 40 

GS-OK036 -98.632 36.506 46.368 0.757 1.796 0.0198 9 

GS-OK037 -98.745 36.508 47.016 0.998 1.9152 0.0272 8 

GS-OK038 -98.742 36.478 51.604 0.423 1.69 0.0105 79 

GS-OK039 -98.652 36.382 51.064 0.991 1.6966 0.0526 9 

GS-OK040 -98.674 36.483 48.76 1.365 1.7682 0.0314 21 

GS-OK041 -98.533 36.467 56.372 3.183 2.1 0 9 

GS-OK042 -98.831 36.403 46.508 0.948 1.9908 0.0333 9 

GS-OK043 -98.746 36.433 37.276 0.906 2.0094 0.037 17 

GS-OK044 -96.796 36.373 59.128 1.074 2.0038 0.0227 10 

GS-OK045 -96.925 36.448 39.428 1.49 1.8496 0.046 9 

GS-OK046 -96.907 36.397 38.612 1.258 1.8644 0.0376 14 



 
 

159 

GS-OK047 -96.724 36.469 43.728 1.179 1.7368 0.0295 2 

GS-OK048 -96.944 36.416 39.384 0.734 1.842 0.021 72 

GS-OK049 -97.304 36.407 38.576 2.045 1.866 0.0652 5 

GS-OK050 -96.982 36.395 38.18 1.295 1.9038 0.043 10 

GS-OK051 -96.836 36.505 47.768 13.231 1.9724 0.2373 48 

GS-OK052 -96.803 35.994 38.556 0.464 1.9346 0.0144 68 

GS-OK053 -96.788 36.014 38.328 0.892 1.912 0.0319 9 

NX-STN01- -97.655 35.833 43.276 0.44 1.8082 0.0117 53 

NX-STN02- -97.507 35.951 40.6 0.434 1.9056 0.0144 58 

NX-STN03- -97.186 35.926 57.672 0.787 1.9854 0.0178 52 

NX-STN05- -96.645 35.847 41.38 0.365 1.8694 0.0121 58 

NX-STN07- -97.797 36.083 41.844 0.39 1.8224 0.0116 53 

NX-STN08- -97.492 36.179 42.44 0.513 1.7752 0.0164 52 

NX-STN09- -97.267 36.176 39.324 0.426 1.8374 0.0124 63 

NX-STN11- -96.732 36.159 42.484 0.489 1.834 0.0148 64 

NX-STN12- -96.492 36.259 43.428 0.434 1.7798 0.0122 59 

NX-STN13- -97.821 36.307 36.564 5.211 1.6676 0.0754 51 

NX-STN15- -97.375 36.349 43.04 0.501 1.744 0.0125 54 

NX-STN16- -97.127 36.349 39.128 0.402 1.8538 0.0153 65 

NX-STN17- -96.908 36.4 40.772 0.513 1.81 0.0158 53 

NX-STN18- -96.647 36.418 38.984 0.295 1.951 0.0133 58 

NX-STN19- -97.903 36.683 35.656 4.404 1.9078 0.0924 48 

NX-STN20- -97.743 36.521 41.076 0.474 1.8378 0.016 55 

NX-STN21- -97.561 36.752 43.64 7.121 1.7674 0.1134 66 

NX-STN22- -97.411 36.565 41.52 0.482 1.7858 0.0143 56 

NX-STN23- -97.197 36.655 40.748 0.597 1.8456 0.0173 57 

NX-STN24- -97.854 36.92 59.232 0.971 1.9606 0.0222 6 

NX-STN26- -97.208 36.926 39.852 0.586 1.8392 0.0181 54 

NX-STN33- -96.721 35.657 41.296 0.49 1.8064 0.0147 52 

NX-STN35- -96.79 35.442 41.668 0.431 1.8862 0.0137 58 

O2-ARCA- -97.27 35.743 59.036 2.224 2.0656 0.0361 11 

O2-CHAN- -96.785 35.653 41.372 0.677 1.8902 0.0222 29 

O2-CRES- -97.534 36.037 41.604 1.281 1.8244 0.0359 13 

O2-DOVR- -97.988 35.954 49.88 1.837 1.7294 0.033 20 

O2-DRUM -96.605 35.919 40.544 0.619 1.8282 0.0197 24 

O2-FW01- -98.941 36.495 46.612 1.579 1.9186 0.0446 8 

O2-FW02- -98.729 36.378 39.504 0.99 1.8224 0.0333 9 

O2-FW03- -99.173 36.527 46.496 6.072 1.8018 0.1301 12 

O2-FW04- -98.665 36.596 35.64 1.15 1.727 0.0355 12 

O2-FW05- -98.605 36.47 40.5 8.257 1.721 0.1368 9 

O2-FW06- -98.499 36.514 59.008 4.5 2.0246 0.0657 12 

O2-FW07- -98.801 36.45 53.396 2.27 2.018 0.0477 8 

O2-FW08- -98.796 36.238 41.132 1.537 1.7192 0.0417 5 

O2-FW09- -99.041 36.551 48.62 1.181 1.7746 0.0302 11 

O2-GORE- -97.947 36.786 44.508 1.233 1.7104 0.0299 9 

O2-MRSH- -97.695 36.132 41.68 4.482 1.8406 0.1021 14 

O2-PERK- -97.13 35.926 35.344 1.846 1.6158 0.0138 25 

O2-PERY- -97.235 36.26 42.172 0.695 1.7456 0.0182 32 

O2-PW01- -96.929 36.402 37.908 5.172 1.9108 0.1358 3 

O2-PW02- -96.858 36.419 38.528 1.847 1.8824 0.0633 5 

O2-PW05- -96.964 36.485 58.18 4.383 1.8226 0.081 16 

O2-PW06- -96.972 36.421 41.844 2.458 1.8136 0.0697 3 

O2-PW07- -96.765 36.504 35 0 1.9148 0.0099 2 

O2-PW09- -96.817 36.448 42.34 2.454 1.7802 0.0525 10 

O2-PW10- -96.831 36.366 48.2 0 1.7 0 1 

O2-PW13- -96.818 36.328 42.544 0.462 2.1 0 10 

O2-PW15- -97.014 36.469 41.168 1.478 1.7674 0.0365 9 

O2-PW18- -97.044 36.279 40.416 1.525 1.8268 0.0407 11 

O2-PW19- -97.036 36.569 35.012 0.123 1.9912 0.0146 14 
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O2-SC01- -97.82 35.185 49.532 2.804 2.0152 0.0754 5 

O2-SC02- -97.389 34.798 53.136 0.444 2.0978 0.0107 7 

O2-SC04- -97.473 34.364 53.268 14.234 1.6456 0.2238 12 

O2-SC05- -97.833 35.519 47.296 1.612 2.056 0.0528 4 

O2-SC06- -97.521 35.073 44.82 2.24 1.818 0.0682 14 

O2-SC07- -98.214 34.934 49.932 0.401 1.6012 0.0064 9 

O2-SC08- -96.393 34.687 59.936 0.185 2.0464 0.0216 8 

O2-SC10- -98.271 35.423 35.14 0.477 1.619 0.016 14 

O2-SC11- -98.741 35.183 48.032 0.527 1.6008 0.0054 11 

O2-SC12- -99.355 34.922 58.504 1.664 1.7172 0.0266 14 

O2-SC13- -96.946 34.728 45.852 11.985 1.7812 0.2056 11 

O2-SC14- -98.244 34.452 37.716 1.002 1.6 0 15 

O2-SC15- -99.501 35.607 46.336 12.653 1.6738 0.1791 5 

O2-SC16- -98.815 35.975 47.392 6.202 1.6746 0.058 13 

O2-SC17- -97.598 34.916 38.316 6.912 1.6506 0.0728 16 

O2-SC18- -97.554 36.503 47.856 0.999 2.0248 0.0322 18 

O2-SC19- -97.843 36.22 38.24 1.051 1.8946 0.0334 15 

O2-SC20- -98.441 35.403 39.704 0.752 1.6084 0.0183 10 

O2-SHWN -97.023 35.343 43.188 0.33 1.6 0 19 

O2-SMNL- -96.565 35.294 51.132 1.082 1.7632 0.0313 22 

O2-TUTT- -97.756 35.238 48.348 1.667 1.7838 0.0801 8 

OK-AMES- -98.193 36.336 45.26 21.906 1.8606 0.3562 16 

OK-BCOK- -97.609 35.657 58.908 2.505 2.0804 0.0338 29 

OK-BLOK- -97.215 36.761 46.652 11.286 1.744 0.1843 45 

OK-CCOK- -97.656 35.357 43.396 1.102 1.7924 0.0318 14 

OK-CHOK- -97.061 35.561 59.98 0.119 2.1 0 69 

OK-CROK- -97.983 36.505 37.924 8.066 1.6864 0.1229 86 

OK-CSTR- -98.689 35.646 35.168 0.383 1.636 0.0097 40 

OK-DEOK- -96.498 35.843 37.384 0.191 1.6 0 72 

OK-ELIS- -99.418 36.065 43.436 0.725 2.0326 0.0243 52 

OK-FNO-01 -97.401 35.257 35.008 0.078 2.0604 0.0055 78 

OK-FRLY- -97.452 35.415 41.472 0.998 1.8922 0.0302 19 

OK-HTCH- -98.333 36.017 47.608 1.054 1.6408 0.0185 51 

OK-MOOR- -97.659 35.342 45.016 0.746 1.77 0.0181 48 

OK-NOKA- -98.932 36.635 42.444 0.793 1.7866 0.0212 58 

OK-OKCFA- -97.451 35.415 44.088 12.592 1.8246 0.2443 6 

OK-QUOK- -96.708 36.171 54.832 0.714 2.0332 0.0188 66 

OK-SMO- -97.475 35.523 42.568 0.391 1.6 0 24 

OK-SWND- -97.438 35.405 51.548 0.586 1.9782 0.0162 27 

OK-U32A- -99.001 36.38 43.84 0.525 1.634 0.0131 54 

OK-W35A- -96.874 35.153 40.244 15.135 1.76 0.4618 46 

OK-X34A- -97.833 34.601 45.312 0.739 1.8906 0.0203 42 

OK-X37A- -95.371 34.589 38.408 5.26 2.0928 0.0998 54 

XR-ALF1 -97.533 36.652 54.468 2.631 1.8258 0.0462 9 

XR-ALL1 -97.575 36.432 38.876 9.037 1.8894 0.3082 7 

XR-BC01 -97.396 36.543 53.648 13.905 1.87 0.235 3 

XR-BC02 -97.45 36.521 57.54 1.629 1.8296 0.0331 8 

XR-BER1 -97.839 36.628 39.568 1.143 1.6678 0.0325 4 

XR-BLA1 -97.538 36.542 55.564 18.749 2.0696 0.1258 6 

XR-BRY1 -97.647 36.716 38.588 0.719 1.9218 0.0246 9 

XR-BUF1 -97.72 36.583 35.036 0.152 2.0226 0.0111 8 

XR-BUF2 -97.696 36.519 37.34 6.189 1.709 0.1064 10 

XR-CAR1 -97.431 36.714 44.828 12.032 1.7592 0.1517 9 

XR-DIR1 -97.529 36.783 58.08 1.32 1.6124 0.0226 4 

XR-ENI1 -97.788 36.418 42.616 13.617 1.9984 0.2748 9 

XR-GLE1 -97.327 36.547 42.108 1.459 1.764 0.0394 6 

XR-GRA1 -97.507 36.502 51.092 19.676 1.8084 0.0639 9 

XR-HAC1 -97.802 36.297 44.96 8.325 1.7708 0.1258 7 

XR-KRE1 -97.832 36.581 52.576 0.729 1.6812 0.0162 5 
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XR-LIB1 -97.777 36.72 41.496 0.846 1.7524 0.0222 6 

XR-LIB2 -97.734 36.707 57.54 0.659 1.605 0.0099 5 

XR-MAR1 -97.543 36.232 41.012 0.962 1.8074 0.0293 8 

XR-MED2 -97.712 36.781 40.06 1.764 1.8604 0.0521 7 

XR-MIL1 -97.197 36.659 42.6 1.419 1.7774 0.0394 3 

XR-NOB2 -97.627 36.562 41.608 1.7 1.8272 0.0501 4 

XR-NUM1 -97.618 36.82 35.348 1.481 2.0042 0.0419 4 

XR-OAK1 -97.459 36.369 56.8 0 1.86 0 1 

XR-OLI1 -97.561 36.346 41.432 0.789 1.7778 0.0261 7 

XR-OWE2 -97.376 36.63 42.732 8.723 1.786 0.0365 7 

XR-PER1 -97.261 36.365 38.82 0.9 1.8244 0.0291 10 

XR-REN1 -97.723 36.644 53.86 1.095 1.6544 0.021 6 

XR-REN2 -97.765 36.624 52.028 4.894 1.6916 0.0977 7 

XR-RR01 -97.346 36.46 41.644 1.021 1.7544 0.0305 8 

XR-SF01 -97.669 36.659 40.636 0.936 1.8408 0.0324 6 

XR-SF02 -97.598 36.641 43.424 17.619 1.722 0.0703 7 

XR-SF03 -97.659 36.617 41.624 1.096 1.8206 0.033 3 

XR-WOO2 -97.48 36.25 38.472 1.171 1.845 0.0374 3 

XR-WR01 -97.379 36.503 56.932 8.552 1.8238 0.1577 8 

XR-WV01 -97.377 36.292 36.92 0.913 1.9034 0.036 6 
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Figure A 2 The Moho depth of each station obtained by H-kappa stacking.  The result is shown in 

five intervals from 40 km to 55 km. Note the compelling scattering of results for nearby stations 

where the depth of Moho fluctuates dramatically in short distances. 
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Figure A 3 The Vp/Vs ratio of each station obtained from H-kappa stacking. The result is shown 

in five intervals from 1.6 to 1.9. Note the scattering of the Vp/Vs ratio is even more significant 

than the Moho depth result, where the crustal Vp/Vs ratio oscillates greatly across the study area. 
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Table A 4 Moho depth from converted RFs by semi-automatically picking 

Longitude Latitude Station Moho depth (km) Moho depth error Number of events 
-99.173 36.527 O2-FW03- 50.14 1.80 12 
-99.041 36.551 O2-FW09- 50.19 2.01 11 
-99.001 36.38 OK-U32A- 51.00 3.35 54 
-98.932 36.635 OK-NOKA- 50.37 3.75 58 
-98.831 36.403 GS-OK042-00 52.30 3.99 9 
-98.801 36.45 O2-FW07- 50.51 4.07 8 
-98.742 36.478 GS-OK038-00 49.19 3.71 79 
-98.729 36.378 O2-FW02- 50.57 3.26 9 
-98.71 36.708 GS-OK035-00 48.24 4.04 40 
-98.674 36.483 GS-OK040-00 48.31 3.97 21 
-98.665 36.596 O2-FW04- 49.12 3.14 12 
-98.632 36.506 GS-OK036-00 46.00 3.00 9 
-98.21 36.804 GS-OK032-00 43.00 3.31 70 
-98.193 36.336 OK-AMES- 41.72 4.14 16 
-97.988 35.954 O2-DOVR- 42.32 4.07 20 
-97.983 36.505 OK-CROK- 43.41 3.57 86 
-97.947 36.786 O2-GORE- 40.03 2.93 9 
-97.903 36.683 NX-STN19- 39.84 2.29 48 
-97.854 36.92 NX-STN24- 43.92 1.43 6 
-97.843 36.22 O2-SC19- 41.57 3.40 15 
-97.839 36.628 XR-BER1 41.33 2.70 4 
-97.832 36.581 XR-KRE1 44.80 2.22 5 
-97.821 36.307 NX-STN13- 43.49 2.77 51 
-97.802 36.297 XR-HAC1 44.00 2.51 7 
-97.797 36.083 NX-STN07- 44.52 2.39 53 
-97.777 36.72 XR-LIB1 45.87 3.71 6 
-97.765 36.624 XR-REN2 45.01 3.33 7 
-97.743 36.521 NX-STN20- 44.30 2.83 55 
-97.734 36.707 XR-LIB2 44.20 2.36 5 
-97.723 36.644 XR-REN1 43.58 2.76 6 
-97.72 36.583 XR-BUF1 44.96 3.06 8 
-97.712 36.781 XR-MED2 42.70 1.52 7 
-97.696 36.519 XR-BUF2 43.35 2.99 10 
-97.695 36.132 O2-MRSH- 43.67 2.28 14 
-97.669 36.659 XR-SF01 43.77 2.62 6 
-97.659 35.342 OK-MOOR- 45.83 2.78 48 
-97.659 36.617 XR-SF03 43.83 1.97 3 
-97.656 35.357 OK-CCOK- 46.26 3.21 14 
-97.655 35.833 NX-STN01- 43.85 3.45 53 
-97.647 36.716 XR-BRY1 44.06 2.55 9 
-97.627 36.562 XR-NOB2 44.78 2.96 4 
-97.618 36.82 XR-NUM1 45.05 2.24 4 
-97.609 35.657 OK-BCOK- 45.64 3.85 29 
-97.561 36.346 XR-OLI1 41.54 2.02 7 
-97.554 36.503 O2-SC18- 42.24 2.99 18 
-97.543 36.232 XR-MAR1 40.45 2.64 8 
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-97.538 36.542 XR-BLA1 42.42 4.16 6 
-97.534 36.037 O2-CRES- 42.42 1.54 13 
-97.533 36.652 XR-ALF1 43.26 1.90 9 
-97.521 35.073 O2-SC06- 44.51 4.30 14 
-97.507 35.951 NX-STN02- 42.55 2.05 58 
-97.492 36.179 NX-STN08- 40.73 2.04 52 
-97.48 36.25 XR-WOO2 40.07 0.42 3 
-97.475 35.523 OK-SMO- 46.48 2.91 24 
-97.455 35.797 GS-OK029-00 45.77 3.56 82 
-97.452 35.415 OK-FRLY- 44.55 3.51 19 
-97.45 36.521 XR-BC02 42.09 2.07 8 
-97.438 35.405 OK-SWND- 44.86 3.27 27 
-97.431 36.714 XR-CAR1 40.70 1.85 9 
-97.411 36.565 NX-STN22- 40.90 2.25 56 
-97.401 35.257 OK-FNO-01 47.13 2.80 78 
-97.396 36.543 XR-BC01 40.93 1.20 3 
-97.389 34.798 O2-SC02- 45.99 3.39 7 
-97.379 36.503 XR-WR01 41.64 1.08 8 
-97.377 36.292 XR-WV01 41.32 1.12 6 
-97.376 36.63 XR-OWE2 41.70 1.17 7 
-97.375 36.349 NX-STN15- 41.65 2.50 54 
-97.346 36.46 XR-RR01 43.25 3.10 8 
-97.338 35.581 GS-OK025-00 47.24 3.96 19 
-97.327 36.547 XR-GLE1 39.78 2.06 6 
-97.304 36.407 GS-OK049-00 39.56 4.32 5 
-97.267 36.176 NX-STN09- 40.96 2.58 63 
-97.261 36.365 XR-PER1 40.20 1.88 10 
-97.235 36.26 O2-PERY- 40.73 1.88 32 
-97.215 36.761 OK-BLOK- 42.67 3.04 45 
-97.197 36.655 NX-STN23- 42.03 2.13 57 
-97.197 36.659 XR-MIL1 42.73 0.97 3 
-97.186 35.926 NX-STN03- 43.12 1.68 52 
-97.13 35.926 O2-PERK- 43.45 2.74 25 
-97.127 36.349 NX-STN16- 40.36 1.79 65 
-97.061 35.561 OK-CHOK- 45.09 3.61 69 
-97.044 36.279 O2-PW18- 40.10 1.78 11 
-97.036 36.569 O2-PW19- 41.83 2.72 14 
-97.023 35.343 O2-SHWN- 41.29 3.36 19 
-97.014 36.469 O2-PW15- 42.03 2.21 9 
-96.982 36.395 GS-OK050-00 41.77 1.90 10 
-96.972 36.421 O2-PW06- 41.80 0.66 3 
-96.964 36.485 O2-PW05- 42.16 2.47 16 
-96.946 34.728 O2-SC13- 45.34 2.05 11 
-96.944 36.416 GS-OK048-00 40.35 2.37 72 
-96.938 36.044 GS-OK033-00 45.15 2.96 42 
-96.929 36.402 O2-PW01- 41.00 0.46 3 
-96.925 36.448 GS-OK045-00 41.27 1.86 9 
-96.908 36.4 NX-STN17- 40.75 1.77 53 
-96.907 36.397 GS-OK046-00 40.83 2.56 14 
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-96.874 35.153 OK-W35A- 42.17 3.33 46 
-96.858 36.419 O2-PW02- 40.42 0.77 5 
-96.839 35.953 GS-OK031-00 40.69 3.01 46 
-96.836 36.505 GS-OK051-00 40.00 2.37 48 
-96.818 36.328 O2-PW13- 41.50 2.47 10 
-96.817 36.448 O2-PW09- 41.11 1.02 10 
-96.803 35.994 GS-OK052-00 43.47 3.15 68 
-96.796 36.373 GS-OK044-00 41.65 2.63 10 
-96.79 35.442 NX-STN35- 43.48 2.95 58 
-96.788 36.014 GS-OK053-00 41.92 2.71 9 
-96.785 35.653 O2-CHAN- 46.29 3.51 29 
-96.732 36.159 NX-STN11- 42.89 2.94 64 
-96.724 36.469 GS-OK047-00 41.30 1.13 2 
-96.721 35.657 NX-STN33- 44.17 3.51 52 
-96.713 36.01 GS-OK034-00 44.54 3.68 20 
-96.647 36.418 NX-STN18- 43.12 2.08 58 
-96.645 35.847 NX-STN05- 42.37 2.73 58 
-96.605 35.919 O2-DRUM- 42.10 2.42 24 
-96.565 35.294 O2-SMNL- 42.75 3.00 22 
-96.498 35.843 OK-DEOK- 46.77 2.98 72 
-96.492 36.259 NX-STN12- 45.26 3.04 59 
-96.492 36.259 GS-OK041-00 41.26 3.70 5 
-96.492 36.259 GS-OK030-00 42.41 2.67 31 
-96.492 36.259 GS-OK037-00 48.99 4.50 8 
-96.492 36.259 O2-FW06- 39.01 2.42 11 
-96.492 36.259 XR-GRA1 43.02 0.96 9 
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Figure A 4 The semi-automatically picked Moho depth of each station. The result is shown in 11 

intervals from 40 to 49. The color range corresponds to the same color range of interpolated 

Moho map (Figure 2.5).  

 

 

A3. Uncertainty analysis  

We define the uncertainty of Moho estimation from depth-converted RF as the standard deviation 

of the semi-automatically picked Pms phase from individual RFs of one station. The time-

domain RFs of the individual station are moveout corrected regarding the event-station epicentral 

distance and then converted to depth with a tomography-derived Oklahoma crust velocity model 

(Retra and Behm, 2021). A manually picked Pms from stacked RF is designated to the searching 
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algorithm as a reference depth. The Pms of individual RF traces are then picked around the 

reference depth.  

 

Figure A 5 Uncertainty of individual stations for Moho map interpolation. Note the majority 

of stations have the error of Moho depth estimation of 1-4 km.   


